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ABSTRACT

With the rapidly growing demand for more reliable and higher data rate wireless
communications, the Institute of the Electrical and Electronics Engineers (IEEE) 802.11
working group approved a standard for 5-GHz band, wireless local area networks
(WLAN) in 1999. This standard, /EEE 802.11a, supports data rates from 6 up to 54 Mbps
and uses orthogonal frequency division multiplexing (OFDM) for transmission in indoor
wireless environments. This thesis examines the performance of the /EEE 802.11a
standard for different combinations of sub-carrier modulation type and code rate and

determines the signal-to-noise ratio required to obtain a probability of bit error P, of 107

The channel is modeled as a frequency-selective, slow, Ricean fading channel with
additive white Gaussian noise (AWGN). Contrary to expectations, for the combinations
of sub-carrier modulation type and code rate utilized by the /EEE 802.11a standard, some
of the higher data rate combinations outperform some of the lower data rate combina-
tions. On the other hand, the results also show significant coding gain when applying
convolutional coding with Viterbi decoding, and hence highlight the importance of
forward error correction (FEC) coding to the performance of wireless communications

systems.



THIS PAGE INTENTIONALLY LEFT BLANK

vi



I1.

I11.

IVv.

TABLE OF CONTENTS

INTRODUCTION...cuuiiiuiicnensnecsnecsnecssesssnecssessssssssasssassssassssssssssssassssasssssssasssssssssassnse 1
A. OBUJECTIVE .uuuiiiieiintintintinnnnsssessisssissssssssssssssssssssssssssssssssssssssssssssns 1
B. RELATED RESEARCH .....ccuiiitiiniinninneensnenssecssessssesssessssesssssssassssassssesssses 2
C. THESIS ORGANIZATION ....couiiiiiiiiininseinsniissnsssessssissssssssssssessssssssssssssns 2
MULTIPATH FADING CHANNELS.......cooiinintiinninsnensnecsnensnesssessssscsssssssssssesnne 5
A. FADING CHANNELS.....cotiititiiiiniiinnissnicsnisssessssssssesssssssssssssssssssssssssens 5
B. SMALL-SCALE FADING. .....cootiintinniinnensnensnensessssecsnssssesssassssesssassssssssasns 6
1. Time-Spreading Mechanism Due To Multipath..........cccceevueeicenennnes 6

a. Frequency-Selective Fading 8

b. FlAt FAAING..cv.cnnaeeonnaeioreinnsvernssaerossanisssasisssasessasessssssssssssssssssses 9

2. Time-Variant Mechanism Due To Motion .........eceeevveecsercsnensuncnnes 9

a. FaASt FAAING couauaonnnennavvossnnerinsssnnrnossssasisosssssssssssssssessssssssssssnssns 10

b. N L A |1 N 10

3. Summary of Small Scale Fading..........cccovveriecccvnricsssnnrecsssnnnnccscnnnes 11

C. DISTRIBUTION OF PATH AMPLITUDES.........cccccvnnenrennsrensuensnccsaecsnne 11
1. Rayleigh FAdING .....ccouueiiiiivnriiniinnniicssssnnncssssnnnncsssssssesssssssssssssssssssanns 12

2. Ricean FAding.........cccuviievvericssnicssnncnsnncssnncssnnesssssessssnessssnssssssosssscses 12

D. SUMMARY OF MULTIPATH FADING CHANNELS........everennen. 13
OFDM BASED IEEE 802.11a STANDARD ......uuuueirrerinenrninnnensennsnecsaessncessesanne 15
A. IEEE 802.11a BACKGROUND......uuiiiiitiiiisniinenssicssnssnisssesssscssessssnens 15
C. OFDM FUNDAMENTALS....ccoivtiitinsnnnsnensnnsssecsnssssesssassssesssassssssssassssesssase 16
1. Single/Multi-Carrier Modulation .........cceeieccccsenccsssnerccsssnnseccssnnnes 16

2. FDM/OFDM .ccuuiiiniinsninsnennnecsnnsssesssecsssecssnssssssssassssessssssssasssassssessasse 17

3. L0290 1 T0701) 1 2] 11 N 18

D. OFDM BASED 802.11a PARAMETERS .....cuuintenuinneinrnensnnnsnenseecsnecnnes 18
1. Guard INterval ......ieceieinniiiininiseeicneeicsneessnecsssseessssesssssecssssesns 19

2. OFDM Symbol Duration and Sub-Carrier Spacing.......c..ccccecueeene. 19

3. Number of Sub-Carriers .......ceeenseecsseensseenssnnncssseecssseessseeessssnenns 20

4. Error Correcting Code and Coding Rate...........ccceevureveercrcnercscnnnenes 20

E. OFDM SIGNAL PROCESSING. .....couuictiieictinseisnnsssenssseessessssnsssesssssssens 21
PERFORMANCE WITHOUT FEC CODING ....ccoviriruenseccsnecsannssnecssecsaecsassssacens 25
A. PERFORMANCE IN AWGN.....uiiiiininnninsninsnecssncsnnsssessssssssssssssssssens 25
1. BPSK/QPSK MoAUIAtion .......ccccceeerrcrnnnneeeeccccssssssnassseecccssssnsassssseccses 25

2. QAM Modulation with a Square Constellation ..........cccceevccnnerccanns 26

B. PERFORMANCE IN RICEAN FADING CHANNELS.......ccccccevvvicrcnrecnns 28
1. BPSK/QPSK Modulation .........cceeeeeeiseicsenssenssnecssencsnssssncssecsssneaens 29

2. Square QAM ModUlation......ccceeeeevricssenicssnnessssncssssnesssnessssnessssncsanns 35

C. UNCODED OFDM SYSTEM PERFORMANCE.........ivvreseisseecsnennans 40
1. BPSK/QPSK Modulated OFDM .......uucouiriruensuecssnecsnnncsnesssecsnecsanes 42

2. 16QAM and 64QAM Modulated OFDM.........c..cccuevvueirerisuecsuecnne 43

Vil



D. SUMMARY OF UNCODED OFDM PERFORMANCE...........ccccceeuvreunen. 45

V. PERFORMANCE ANALYSIS WITH FEC CODING......ccccceerirrruecseecssnecsaessancens 47
A. ERROR CONTROL CODING ...cccueiveicrnnnseissancsensssncssessssnsssessssssssssssssssss 47

1. Forward Error Correcting (FEC) Coding..........ccceeeeeeeerercnrcscnnnenes 47

a. Convolutional ENCOAING .......eneeaeevoosnnevieossanniosssnssocssssssnees 48

b. Viterbi DeCOING .....ue.uuueeeoaeeevosuveensuressnressnrssssnossssrosssssssnsens 49

2. Implementation of FEC Coding ......ccccccveervcuneicnscnerccsccnnnecsssnssecsnns 50

3. CodING GAIN..uuecieueriiinrininrenssnnissssnessssnesssnessssnosssssosssssssssssssssssssssssses 51

B. HARD DECISION DECODING. ......couiiiuiiniiieensnensnecssesssessseessssssssssesssss 51

1. BPSK/QPSK with HDD (6,9,12, and 18 MbpS).....cccecerruecsuecsnecnaces 52

2. 16QAM with HDD (24 and 36 Mbps) ........cceueeee ..63

3. 64QAM with HDD (48 and 54 Mbps) .......ccueee.. 71

4. HDD SUIMMATY couuuriiiiiirniicsissnriecsssnsesssssssssssssssssssssssssesssssssssssssssssssssss 78

C. SOFT DECISION DECODING .....ccoveireecsnensnecsaensnecssecsssessssssssssssassssessanes 79

1. BPSK/QPSK with SDD (6 and 12 MDBPS)......ccccceevvercsuncsencseecsencannes 80

2. BPSK/QPSK with SDD (9 and 18 MDPS).....ccceceevercsuenseccsnecsenecsnees 85

3. SDD SUIMIMALY aeceiierivnrieccssnreccsssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 89

VI. CONCLUSION 91
A. FINDINGS cuitiiiitiitiniticninsnnsssesssiesssssssnsssesssssesssssssssssssssssssssssssssssssssss 91

B. RECOMMENDATIONS FOR FURTHER RESEARCH ........cocceeerueennee 92

C. CLOSING COMMENTS .uuuiiiiiinninnnncsninsnisssissssisssessssssssessssssssssssssssssssas 92

LIST OF REFERENCES ....couuiiiiiiniicninnninnennnecssisssaesseessesssssssesssessssesssassssssssassssessssss 93
INITIAL DISTRIBUTION LIST ..uuuiiiiiiiiiniiisninseissninseicssesssssssnssssssssessssssssssssssssssesases 95

viil



Figure 1.
Figure 2.
Figure 3.
Figure 4.
Figure 5.
Figure 6.
Figure 7.
Figure 8.
Figure 9.

Figure 10.
Figure 11.
Figure 12.
Figure 13.
Figure 14.
Figure 15.
Figure 16.
Figure 17.
Figure 18.
Figure 19.
Figure 20.
Figure 21.

Figure 22.
Figure 23.
Figure 24.

Figure 25.
Figure 26.

Figure 27.
Figure 28.

Figure 29.

Figure 30.
Figure 31.

Figure 32.

LIST OF FIGURES

Large and small scale fading [From Ref. 6] .......coooviveiiiieiiiiiieeieeeeeee, 5
Multipath Intensity Profile [After Ref. 7] ....cccooiiiiiiniiiieee 7
Typical frequency-selective and flat fading [After Ref. 7]....cccooevveeiiieennnnen. 8
Types of the small scale fading [After Ref. 8]......ccccovvieniniiiiniiiiie, 11
Rayleigh and Ricean probability density function [After Ref.10]................... 13
Sub-channel overlapping technique for FDM and OFDM [From Ref. 4]....... 17
OFDM orthogonal spectrum with 4 sub-carriers [From Ref. 11]................... 18
Convolutional Encoder with constraint length v="7 [From Ref. 5] ............... 20
OFDM PHY transceiver block diagram [From Ref. 5] .......ccccocvvviiiiinnnnnnne. 21
Constellation for BPSK, QPSK, 16QAM, and 64QAM [From Ref. 5]........... 22
Effect of no cyclic extension in the guard interval [From Ref.4].................... 23
Effect of adding cyclic extension in the guard interval [From Ref. 4] ............ 24
MQAM signal constellation [After Ref. 13]....ccoooviiiiiiiiiieeeeee 26
Performance of BPSK/QPSK, 16QAM and 64QAM in AWGN .................... 28
BPSK/QPSK performance in Ricean fading channels..............cccccocuveriveennnne. 33
BPSK/QPSK performance in Rayleigh fading channels ..........c...ccccccceeencee 34
BPSK/QPSK performance in Ricean fading channels with 0<{ <10 ........... 35
16QAM performance in Ricean fading channels............c.cccooiiiiiinninnce 38
16QAM performance in Ricean fading channels with 0<{ <10 ................... 38
64QAM performance in Ricean fading channels............cccccoooeeiiniiiniinnne 39
64QAM performance in Ricean fading channels with 0 <{ <10 ................... 40
BPSK/QPSK modulated OFDM in composite Rayleigh/Ricean fading

CRANMELS. ...t 42

16QAM modulated OFDM in composite Rayleigh/Ricean fading channels ..43
64QAM modulated OFDM in composite Rayleigh/Ricean fading channels ..44
Coding gain of BPSK/QPSK in AWGN.....ccccooiiiiniiiiniinieceneceeeeeeee 51
Performance of BPSK/QPSK with HDD (r =1/2) over Ricean Fading......... 55
HDD (r=1/2) versus uncoded BPSK/QPSK Performance over Ricean

FaING .ot 56
HDD (r=1/2) versus uncoded BPSK/QPSK modulated OFDM (6 and 12

Mbps) performance over a pure Rayleigh fading channel...............c........c.... 57
HDD (r=1/2) versus uncoded BPSK/QPSK modulated OFDM (6 and 12

Mbps) performance over a composite Rayleigh/Ricean fading channel ......... 58
Performance of BPSK/QPSK with HDD (r =3/4) over Ricean Fading ........ 59

Uncoded versus HDD (r =3/4) BPSK/QPSK Performance over Ricean

FaINg ..ot 60
HDD (r =3/4) versus uncoded BPSK/QPSK modulated OFDM (9 and 18
Mbps) performance over a pure Rayleigh fading channel............................... 61

X



Figure 33.

Figure 34.
Figure 35.
Figure 36.

Figure 37.

Figure 38.
Figure 39.
Figure 40.

Figure 41.

Figure 42.
Figure 43.
Figure 44.

Figure 45.

Figure 46.
Figure 47.
Figure 48.

Figure 49.

Figure 50.
Figure 51.

Figure 52.
Figure 53.

Figure 54.

Figure 55.
Figure 56.

Figure 57.

HDD (r =3/4) versus uncoded BPSK/QPSK modulated OFDM (9 and 18
Mbps) performance over a composite Rayleigh/Ricean fading channel ......... 62
Performance of 16QAM with HDD (r =1/2) over Ricean Fading................. 64

HDD (r =1/2) versus uncoded 16QAM Performance over Ricean Fading ...65
HDD (r=1/2) versus uncoded 16QAM modulated OFDM (24 Mbps)

performance over a pure Rayleigh fading channel ...............c...ccooci. 66
HDD (r=1/2) versus uncoded 16QAM modulated OFDM (24 Mbps)

performance over a composite Rayleigh/Ricean fading channel..................... 67
Performance of 16QAM with HDD (r =3/4) over Ricean Fading ................ 68

Uncoded versus HDD (7 =3/4) 16QAM Performance over Ricean Fading..69
HDD (r=3/4) versus uncoded 16QAM modulated OFDM (36 Mbps)

performance over a pure Rayleigh fading channel .............ccccoccoeoiiniiiiinnnn. 70
HDD (r=3/4) versus uncoded 16QAM modulated OFDM (36 Mbps)

performance over a composite Rayleigh/Ricean fading channel..................... 70
Performance of 64QAM with HDD (r =2/3) over Ricean Fading ................ 72

Uncoded versus HDD (r =2/3) 64QAM Performance over Ricean Fading..72
HDD (r=2/3) versus uncoded 64QAM modulated OFDM (48 Mbps)

performance over a pure Rayleigh fading channel .............c.ccccveeiiiininennnn. 73
HDD (r=2/3) versus uncoded 64QAM modulated OFDM (48 Mbps)

performance over a composite Rayleigh/Ricean fading channel..................... 74
Performance of 64QAM with HDD (r =3/4) over Ricean Fading ................ 75

Uncoded versus HDD (7 =3/4) 64QAM Performance over Ricean Fading..76
HDD (r=3/4) versus uncoded 64QAM modulated OFDM (54 Mbps)

performance over a pure Rayleigh fading channel ...............c.cccoocnii. 76
HDD (r=3/4) versus uncoded 64QAM modulated OFDM (54 Mbps)

performance over a composite Rayleigh/Ricean fading channel..................... 77
Uncoded, HDD, and SDD BPSK/QPSK performances with AWGN.............. 81

Performance of BPSK/QPSK with SDD (r =1/2) over Ricean Fading......... 82
SDD versus HDD (r=1/2) BPSK/QPSK Performance over Ricean
FaING ..ot 83
SDD versus HDD (r=1/2) BPSK/QPSK modulated OFDM (6 and 12

Mbps) performance over a composite Rayleigh/Ricean fading channel ......... 84
SDD, HDD, and uncoded BPSK/QPSK modulated OFDM performance

over a composite Rayleigh/Ricean fading channel................cccoooeeiinnnnnnne. 85
Performance of BPSK/QPSK with SDD (r =3/4) over Ricean Fading......... 86

SDD versus HDD (r=3/4) BPSK/QPSK Performance over Ricean

FAING oottt et b e e eenes 87
SDD versus HDD (r =3/4) BPSK/QPSK modulated OFDM (9 and 18
Mbps) performance over a composite Rayleigh/Ricean fading channel ......... 87



Figure 58.

SDD, HDD, and uncoded BPSK/QPSK modulated OFDM performance
over a composite Rayleigh/Ricean fading channel................cccooeiieniiinninn.

xi



THIS PAGE INTENTIONALLY LEFT BLANK

xii



Table 1.
Table 2.

Table 3.

Table 4.
Table 5.
Table 6.
Table 7.
Table 8.

Table 9.

Table 10.

Table 11.

Table 12.

Table 13.

Table 14.

Table 15.

Table 16.

LIST OF TABLES

OFDM rate-dependent parameters [From Ref. 5]......cccooovveiiiieiiiieniiecins 15
Major Parameters of the 8§02.711a PHY [From Ref. 5]......ccccoeviiiiiiniinien 19
Uncoded BPSK/QPSK modulated OFDM performance statistics for vy, at
P =107 et 43
Uncoded 16QAM modulated OFDM performance statistics ............c..ceen...... 44
Uncoded 64QAM modulated OFDM performance statistics .............ccceeueennn. 45
Overall uncoded OFDM system performance statistics ..........c..cceeeveerveenennne. 45
Weight Structure of the Convolutional Codes [After Ref. 17].....cccceeuveenneen. 53
HDD (r=1/2) BPSK/QPSK modulated OFDM (6 and 12 Mbps)
performance statistics for v, at P, =107 .......c.o.ccoomviimreeoerrceoereeeseeessessnnnns 59
HDD (r=3/4) BPSK/QPSK modulated OFDM (9 and 18 Mbps)
performance statistics for E at B =107 e, 62
HDD (r=1/2) 16QAM modulated OFDM (24 Mbps) performance
statistics fOr y, at B, =107 ..o 67
HDD (r=3/4) 16QAM modulated OFDM (36 Mbps) performance
statistics fOr y, at B, =107 ..o 71
HDD (r=2/3) 64QAM modulated OFDM (48 Mbps) performance
statistics for Z At B =107 o 74
HDD (r=3/4) 64QAM modulated OFDM (54 Mbps) performance
Statistics for 7, at B, =107 .oooooiooooooeeoeeeeeeeeee oo 78

Received average energy per bit-to-noise power spectral density ratio E

required for B, =107 in AWGN with frequency-selective, slow Rayleigh

fading and composite Rayleigh/Ricean fading with HDD. ..............c.............. 79
SDD (r=1/2) BPSK/QPSK modulated OFDM (6 and 12 Mbps)

performance statistics for v, at P, =107 .......c.occoomviioreeoerreeereeeseeese s 84
SDD (r=3/4) BPSK/QPSK modulated OFDM (9 and 18 Mbps)

performance statistics for E at By =107 e, 88

xiil



THIS PAGE INTENTIONALLY LEFT BLANK

X1V



ACKNOWLEDGMENTS

First and foremost I am grateful to my beautiful wife, Tanyi, and wonderful
daughter, Jenny, for the sacrifices they made in support of my completing this thesis.

Secondly I would like to thank my thesis advisors, Dr. Clark Robertson and Dr.
Roberto Cristi, for their endless hours of help, suggestions, ideas and advise during the
development of this thesis.

Thanks go out as well to LT Gell Tiger L. Pittman III, USN, and LT Patrick A.
Count, USN, for introducing me OFDM.

Finally in appreciation of CDR Jim Hill, previous Code 35 Curriculum Officer

and Eva Anderson, Code 35 Education Specialist, and LCDR Peter Duke, my best friend,
for their assistance through my tour at the Naval Postgraduate School.

XV



THIS PAGE INTENTIONALLY LEFT BLANK

XVi



EXECUTIVE SUMMARY

The objective of this thesis is to analyze the performance of the /EEE 802.11a
WLAN standard over frequency-selective, slow, Ricean fading channels. Prior to the
analysis, we discuss the issues of multipath fading and introduce four different types of
small-scale fading: frequency-selective fading, flat fading, fast fading, and slow fading.
We then introduce the physical layers of the /JEEE 802.11a WLAN standard, the
fundamentals of OFDM, and the reasons that /EEE 802.11a adopted OFDM for
transmission.

In order to perform the analysis, we derived analytic expressions for all sub-
carrier modulations used in /EEE 802.11a: BPSK, QPSK, 16QAM, and 64QAM.
Actually, only two expressions are required, one for BPSK and one for square QAM,
since QPSK and BPSK have the same probability of bit error and both 16QAM and
64QAM are square QAM. After the derivation, we show that two analytic expressions
yield accurate results when compared to the exact results for both Rayleigh and Ricean
fading channels. Further, we assume the channel coherence bandwidth is such that we
have 48 independent sub-carriers for large office buildings and 24 independent sub-
carriers for small office buildings. In turn, we consider the performance of IEEE 802.11a
over both a pure Rayleigh fading channel and over a composite Rayleigh/Ricean fading
with either 48 or 24 independent sub-carriers.

Next, we evaluate the performance of uncoded /EEE 802.11a over Ricean fading
channels so that we can obtain the coding gain later by comparing these results to those
with FEC coding. As expected, the performance of uncoded BPSK/QPSK modulated
OFDM is better than uncoded 16QAM and 64QAM; however, even BPSK/QPSK does
not yield performance acceptable for wireless communications.

After the evaluation of uncoded /EEE 802.11a, we examine the performance of
IEEE 802.11a with FEC coding, where convolutional encoding and Viterbi decoding are
applied. The effect of Viterbi hard decision decoding (HDD) is analyzed for BPSK,
QPSK, 16QAM, and 64QAM, while the effect of Viterbi soft decision decoding (SDD) is
analyzed for BPSK and QPSK only due to the difficulty of analyzing the probability of

bit error for SDD of a binary code transmitted with non-binary modulation.

Xvil



For the performance of /EEE 802.11a with HDD, as expected, the signal-to-noise
ratios required for a pure Rayleigh fading channel are more than for a composite
Rayleigh/Ricean fading channel, in the range of four to seven dB for P, =107. Also as
expected, for a specific modulation type, regardless of the channel conditions considered,
as the code rate increases, the signal-to-noise ratio required to achieve a fixed probability
of bit error increases. Moreover, the coding gains for all sub-channel modulations range
from 21 to 30 dB. Contrary to expectations, however, the signal-to-noise ratio required to
achieve a specific £, does not monotonically decrease with decreasing bit rate. This

phenomenon is observed whether the channel is modeled as a pure Rayleigh fading

channel or as a composite Rayleigh/Ricean fading channel.

For the performance of /EEE 802.11a with SDD for BPSK/QPSK with code rate
r=1/2, SDD improves performance by about 2.5 dB over HDD in AWGN and by about

3.3 dB over a composite Rayleigh/Ricean fading channel. For BPSK/QPSK with code
rate  =3/4, SDD improves performance by about 5.5 dB over HDD in a composite
Rayleigh/Ricean fading channel.

From an examination of the performance difference between 48 and 24

independent sub-carriers, we conclude that the performance difference decreases as more

powerful coding technique are used.
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I. INTRODUCTION

A. OBJECTIVE

With the rapidly growing demand for more reliable and higher data rates in
wireless communications, the /JEEE 802.11 working group approved a standard for a 5
GHz band wireless local area network (WLAN) in 1999. This standard, /EEE 802.11a,
supports a variable bit rate from 6 up to 54 Mbps and selects orthogonal frequency
division multiplexing (OFDM) for transmission in indoor wireless environments. With
OFDM as specified by the IEEE 802.11a standard, the data signal is divided among 48
separate sub-carriers. For each of the sub-carriers, OFDM uses either phase-shift keying
(BPSK/QPSK) or M-ary quadrature amplitude modulation (16 and 64QAM) to modulate
the digital signal depending on the selected data rate of transmission. Higher data rates
are achieved by combining a high-order sub-carrier modulation with a high rate
convolutional code, while lower data rates are obtained by lowering either the sub-carrier
modulation order or the code rate or both. Logically, the expectation is that lower data
rates result in a continually more robust wireless communication system; that is, the
target performance level for the system can be maintained as the received signal-to-noise
ratio goes down simply by reducing the bit rate (since both lower-order sub-carrier
modulation and lower code rates are more robust). In this thesis, this assumption was
investigated for the /EEE 802.11a WLAN standard. The channel was modeled as a
frequency-selective, slow, Ricean fading channel with additive white Gaussian noise
(AWGN); although, each sub-channel was modeled as flat due to OFDM. Another
objective of this thesis was to investigate performance when applying forward error
correction (FEC) channel coding using both hard decision decoding (HDD) and soft
decision decoding (SDD) in conjunction with the Viterbi algorithm. However, due to the
difficulty of analyzing the probability of bit error for SDD of a binary code transmitted
with non-binary modulation, SDD with MQAM modulation will not be considered in this

thesis.



B. RELATED RESEARCH

After the European Telecommunication Standards Institute Broadband Radio
Access Networks (ETSI BRAN) in Europe and the Multimedia Mobile Access
Communications (MMAC) in Japan followed the /EEE decision, OFDM became a single
worldwide physical layer standard for WLAN in the 5-GHz band. Therefore, many
studies focus on the performance of OFDM for different combinations of fading
channels, such as frequency-nonselective, fast, Rayleigh and Ricean fading channels [1]
and [2], frequency-selective, Rayleigh fading channels [3], and frequency-selective, slow,
Nakagami channels [4]. Unlike the above referenced work, this thesis investigates the
performance of the /EEE 802.11a standard over frequency-selective, slow, Ricean fading
channels. In this thesis, we derive analytic expressions for the probability of bit error for
BPSK/QPSK, 16QAM and 64QAM in Ricean fading channels. To the best knowledge of
the author, these results have not been previously published. Further, in addition to 48
independent sub-carriers, this thesis will also examine performance with 24 independent
sub-carriers. The reason for investigating 24 independent sub-carriers will be explained in

Chapter I'V.

C. THESIS ORGANIZATION

After the introduction, the thesis is organized into five remaining chapters. The
most important issue in wireless communications, multipath fading (since it determines
system performance and the data rate for transmission) is discussed in Chapter II. In this
thesis, even though the channel is modeled as a frequency-selective, slow, Ricean fading
channel, a thorough discussion of small scale fading is still given because a complete
understanding of this phenomenon is essential. The /EEE 802.11a standard for WLAN
Medium Access Control (MAC) and Physical Layer (PHY) specifications [5] is
introduced in Chapter I1I, and why /EEE selected OFDM is explained. Moreover, some
important OFDM concepts such as orthogonality and multicarrier techniques and the
major OFDM parameters, as well as OFDM signal processing are also covered in Chapter
III. The performance of OFDM without FEC coding in AWGN and Ricean fading

channels is examined in Chapter IV. The analysis begins with the sub-carrier modulation

2



schemes utilized in /EEE 802.11a standard, which are BPSK, QPSK, 16QAM, and
64QAM and then advances to composite OFDM modulation. Analytic expressions are
derived for the probability of bit error for BPSK/QPSK and square MQAM in this
chapter. OFDM performance with FEC coding and Viterbi hard decision decoding
(HDD) with BPSK, QPSK, 16QAM, and 64QAM is examined in Chapter V, but Viterbi
soft decision decoding (SDD) is only considered with BPSK and QPSK. The results will
be compared to those of Chapter IV in order to find the coding gain. Finally, this thesis
concludes with Chapter VI and a brief review of the results obtained in the previous

chapters, followed by recommendations for further research.
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II. MULTIPATH FADING CHANNELS

Unlike satellite communications, many wireless communications channels do not
have a line-of-sight (LOS) transmission path. Instead, a signal can travel from transmitter
to receiver over many reflective paths. This phenomenon is referred to as multipath
propagation. Due to multipath, a signal will arrive at receiver multiple times with
different amplitudes, phases, and arrival times, giving rise to the terminology multipath
fading. This chapter begins with a discussion of the two main types of fading effects and
their characteristics and then focuses on the small-scale fading. The last part of this

chapter introduces Rayleigh and Ricean fading.

A. FADING CHANNELS
On wireless communications channels, the effect of multipath fading on the
received signal amplitude is broken into two components; large-scale fading and small-

scale fading, as shown in Figure 1.

Small Scale
Power/ J'! Fading
dBm
a/ Large Scale
Fading
2 Distance
== W oL

Figure 1.  Large and small scale fading [From Ref. 6]

Large-scale fading represents the average received signal power attenuation or the path

loss over large transmitter-to-receiver (T-R) separation distances, usually hundreds or



thousands of meters. Small scale fading refers to the dramatic fluctuation in signal
amplitude over very small changes in T-R distance (as small as a half-wavelength) or
over a short duration (in the range of fractions of a second to several seconds). All indoor
wireless communication system will experience small-scale fading. This thesis will focus
on the effects of small-scale fading since /EEE 802.11a is intended for WLAN

transmission in indoor environment.

B. SMALL-SCALE FADING

There are two mechanisms that contribute to small-scale fading: time spreading of
the signal due to multipath and time variance of the channel due to motion. The time
spreading of the signal leads to either frequency-selective fading or flat fading, while the

time variance of the channel leads to either fast fading or slow fading.

1. Time-Spreading Mechanism Due To Multipath

As mentioned above, time dispersion will cause the transmitted signal to undergo
either frequency-selective fading or flat fading. Two related parameters that characterize
the time spreading mechanism need to be addressed, the coherence bandwidth and

maximum excess delay.

Coherence bandwidth B, is a statistical measure of the range of frequencies over

which the channel can be considered non-distorting (equal gain and linear phase). In
other words, the coherence bandwidth represents the range of frequencies over which
signal’s frequency components are strongly amplitude correlated. It is shown in [7] that

B_and T, are reciprocally related by

B~ 2.1)

where T is the maximum excess delay, or the time difference of arrival between the first

and last received signal components. The maximum excess delay is defined in terms of



the multipath intensity profile (MIP), illustrated in Figure 2, where the average received

power S(t) varies as a function of time delay t.

S(t)
A

Y
A

0 T, |

Figure 2.  Multipath Intensity Profile [After Ref. 7]

However, T is not generally the best parameter to represent a channel, because the MIP
can change significantly for channels with the same value of 7, . A more useful

parameter is the root-mean-square (rms) delay spread [7], defined
. =NT -T° (2.2)

where T is the mean excess delay and 1° is the second moment of T. Note that a fixed

relationship between B, and o does not exist. If B, is defined as the bandwidth over

which the frequency correlation function is greater than 0.5, then an empirical rule that is

often used is [8]

B =—. (2.3)

If B, is defined as the bandwidth over which the frequency correlation function is greater

than 0.9, then an empirical rule that is often used is [8]

1
B = . 24
= 2o (2.4

T




Note that the reported values of o vary depending on the size and type of the building,

with or without a clear LOS path. For small through large office buildings, the reported

values of ¢_ range from 30 to 120 ns [9].

a. Frequency-Selective Fading
If the coherence bandwidth B, is smaller than the bandwidth of the

transmitted signal W, then the received signal will undergo frequency-selective fading;

that is, the channel is frequency-selective if

B <W (2.5)

which implies

T >T (2.6)

m N

since B, =1/T, and W =1/T,, where 1/T, = R_ is the symbol rate. When frequency-

selective fading occurs, the received signal is distorted since different spectral
components of the signal are affected differently. The typical frequency-selective fading

case is illustrated in Figure 3(a).

Transmitted

signal
W Be

Spectral <+»

density
Channel
frequency-transfer
function

Frequency

(a) Frequency-selective fading (B. < W)

Channel
Spectral frequency-transfer
density /\ function
Transmitted NG 5
signal
w
Frequency

(b) Flat fading (B. > W)

Figure 3.  Typical frequency-selective and flat fading [After Ref. 7]
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b. Flat Fading

If the channel coherence bandwidth B, , over a bandwidth that is greater
than the bandwidth of the transmitted signal, then the received signal will undergo flat

fading; that is, the channel is flat if

B >Ww (2.7)
or equivalently

T <T . (2.8)

m

The typical flat fading case is illustrated in Figure 3(b).

2. Time-Variant Mechanism Due To Motion

Due to the motion of either the transmitter or the receiver, the time variance
causes the transmitted signal to undergo either fast fading or slow fading. There are two
parameters used to describe the time-variant nature of the channel: Doppler spread and
coherence time.

The Doppler spread B, is defined as the range of frequencies over which the

received Doppler spectrum is essentially non-zero. When a pure sinusoidal tone of

frequency f, is transmitted over a multipath channel, the received signal spectrum will

have components in the range f,. — f, to f. + f,, where f, is the Doppler shift given by
[8]

f, =%sin0 2.9)

where v is the relative velocity of the transmitter with respect to the receiver, A is the
signal wavelength, and 6 is the spatial angle between the direction of motion of the

receiver and the direction of arrival of the signal. The value of f, depends on whether

the transmitter and receiver are moving toward or away from each other.



Coherence time 7 is a statistical measure of the time duration over which the

channel is essentially invariant. In other words, coherence time is the time duration over
which two received signals have a strong potential for amplitude correlation. Note that

the coherence time and the Doppler spread are reciprocally related as [§]

T ~—. (2.10)

a. Fast Fading
Fast fading describes a condition where the coherence time of the channel

is less than the transmitted symbol period; that is,

T <T, (2.11)
or equivalently

B, >W (2.12)

since T, =1/B, and W =1/T,, where 1/T, = R, is the symbol rate. In a fast fading

channel, the channel impulse response changes rapidly during the time each symbol is
transmitted, distorting the shape of the baseband signal. In practice, fast fading only

occurs for very low data rate transmission.

b. Slow Fading
Opposite to fast fading, slow fading describes a condition where the
coherence time of the channel is greater than the transmitted symbol period. In other

words, the channel changes at a rate much slower than the baseband signal rate; that is,

T >T (2.13)
or equivalently

B, <W . (2.14)

10



3. Summary of Small Scale Fading
From Equations (2.5) through (2.8) and Equations (2.11) through (2.14), four

types of the small scale fading can be characterized as shown in Figure 4, where B, is

coherence bandwidth, 7 is baseband signal bandwidth, 7 is the maximum excess

m

delay, T, is symbol time, 7 is the coherence time, and B, is the Doppler spread.

Small-Scale Fading
(Based on multipath delay spread)

Flat Fading Frequency Selective Fading
Bc > W Bc < W
Tm < Ts Tm > Ts

Small-Scale Fading
(Based on Doppler spread)

Fast Fading Slow Fading
Te < Ts Te > Ts
Bd> W Bda < W

Figure 4.  Types of the small scale fading [After Ref. 8]

C. DISTRIBUTION OF PATH AMPLITUDES

In a multipath environment, the received signal amplitude is modeled as a random
variable. Typical models are the Rayleigh, Ricean, and Nakagami-m distributions. In this
thesis, two widely used models for fading channels, the Rayleigh and Ricean fading

channel model, are assumed.

11



1. Rayleigh Fading

A well-accepted model for small-scale rapid amplitude fluctuations is the
Rayleigh model, which is used when there is no line-of-sight (LOS) between transmitter
and receiver and all of the received signal power is due to multipath. For Rayleigh fading
channels, the received amplitude is modeled as a Rayleigh random variable with the

probability density function (pdf) [10]

a, —a’
fAU(ac)=?exp(262 ,  a,>0 (2.15)

where 26” represents the received diffuse, or non-LOS, signal power.

2. Ricean Fading

The Ricean model is used when there is a LOS between transmitter and receiver
but a substantial portion of the received signal power is also due to multipath. Note that
when there is a LOS but none of the received signal power is due to multipath, the
channel is non-fading. For Ricean fading channels, the received amplitude is modeled as

a Ricean random variable with pdf [10]

—(a’+0o’ :
fAr(aC)=;’; exp( (a; i )JIO[“ f} a,>0 (2.16)

where I, (+) is the zeroth-order modified Bessel function of the first kind, o is the

received direct, or LOS signal power, and 26° is the non-LOS signal power. The average

received signal power for a Ricean fading channel is

ac2 =o’ +20°. (2.17)

S*(1)
Note that when a — 0, the Ricean probability density function for a, reduces to the

Rayleigh probability density function since /,(0) =1, and the average received signal

power reduces to 26”. The Rayleigh and Ricean probability density function are

illustrated in Figure 5, where the Ricean low SNR curve is plotted with a =2 and ¢” =1,

12



Ricean medium SNR curve is plotted with a =4 and ¢” =1, and Ricean high SNR curve

is plotted with a =8 and ¢ =1.

Rayleigh

Ricean low SNR
Ricean medium SNR ||
Ricean high SNR

f(a)

10 12

Figure 5. Rayleigh and Ricean probability density function [After Ref.10]

D. SUMMARY OF MULTIPATH FADING CHANNELS

In this chapter, we discussed multipath fading and introduced different types of
small scale fading channels: frequency-selective fading, flat fading, fast tfading, and slow
fading. Multipath fading can cause inter-symbol interference (ISI), where the received
signal consists of multiple versions of the transmitted waveforms. There are several ways
to minimize ISI, and OFDM is one of the antidotes. In the next chapter, we explain why

OFDM is robust over frequency-selective fading channels.

13
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III. OFDM BASED IEEE 802.11a STANDARD

A. IEEE 802.11a BACKGROUND

IEEE 802.11a was adopted as a WLAN standard in September 1999. Misleading
by its name, many readers naturally think of 802.11a as the first I[EEE PHY standard for
WLANS. Actually, the first /EEE standard adopted for WLANSs was approved in June
1997 and specifies the medium access control (MAC) and three physical layers (PHY):
frequency hopping spread spectrum (802.11 FHSS), direct sequence spread spectrum
(802.11 DSSS) and diffuse infrared (802.11 IR). The 802.11 IR standard operates at
baseband and the §02.71 FHSS and §02.11 DSSS standards operate in the 2.4 GHz band.
In terms of data rates, 8§02.11 DSSS originally supported both 1 Mbps and 2 Mbps, while
the other two support 1 Mbps with 2 Mbps optional. With the growing demand for higher
bit rates, a high-data-rate DSSS proposal, 802.11b, was selected for standardization in
July 1998, and extends the data rate to 11 Mbps. While developing 802.11b, 802.11a was
also being developed. The development was motivated by the U.S. Federal Communica-
tions Commission (FCC), which released 300 MHz of spectrum in the 5.2 GHz band in
January 1997. The rate-dependent parameters of 8§02.11a, which utilizes BPSK, QPSK,

16-QAM, and 64-QAM as sub-carrier modulation schemes in combination with rate1/2,
2/3, and 3/4 convolutional codes to obtain a variable data bit rate from 6 up to 54 Mbps

are listed in Table 1.

Coded bits | Codedbits | Data bits
]()I\?Itt?itl:;;; Modulation COdi(nR?) e subf:’::rier pesg'ngbglM pesryfl)lille
(Nppsc) (Ncgps) (Nppps)
6 BPSK 12 1 48 24
9 BPSK 34 1 48 36
12 QPSK 12 2 9% 48
18 QPSK 3/4 2 % 7
24 16-QAM 12 4 192 9%
36 16-QAM 3/4 4 192 144
48 64-QAM 23 6 288 192
54 64-QAM 3/4 6 288 216
Table 1.  OFDM rate-dependent parameters [From Ref. 5]
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B. WHY OFDM?
Recall from Chapter II that a channel is referred to as frequency-selective if the

coherence bandwidth B, isless than the signal bandwidth . When this happens, the

received signals are distorted and overlapped in time causing ISI and degrade system
performance. There are several ways to minimize ISI. One is to reduce the symbol rate,
but then the data rate is also reduced. Another technique is to utilize equalizers, but
equalization is processor intensive. Finally, the effects of a frequency-selective channel
can be mitigated by OFDM, and OFDM has none of the drawbacks of the previous
techniques.

OFDM is a special case of multi-carrier transmission, where a high-bit-rate data
stream is split into a number of low-bit-rate data streams that are transmitted simul-
taneously over a number of sub-carriers. For the /EEE 802.11a standard, there are 48 data

sub-carriers; hence, the symbol rate for one sub-carrier is Rg. = Ry /48. Thus, the band-

width for each sub-carrier is reduced by a factor of 48 as compared with the band-width
the signal requires when only a single carrier frequency is used. As a result,

B. > W,. =W /48, and the channel for each sub-carrier will be flat, or frequency-

nonselective, which reduces ISI and avoids multipath in frequency-selective channels.

C. OFDM FUNDAMENTALS
In addition to its OFDM’s ability to avoid ISI while achieving high data rates,
OFDM has other benefits, such as robustness to RF interference and high spectral

efficiency. In what follows, we discuss several fundamental OFDM concepts.

1. Single/Multi-Carrier Modulation

Single carrier modulation uses a single carrier frequency to transmit all data
symbols sequentially. Compared to multi-carrier modulation, single-carrier modulation
has several advantages. For example, it avoids excessive peak-to-average power ratio
problems, and it is much less sensitive to frequency offsets and phase noise. The main

disadvantage of single carrier modulation is that it is susceptible to multipath fading or

16



interference because it uses only one carrier frequency. If the multipath distortion or
interference causes the frequency response to have a null at the carrier frequency, then

the entire link experiences severe performance degradation.

Unlike single-carrier modulation, multi-carrier modulation uses multiple sub-
carriers to transmit data in parallel. For example, OFDM-based /EEE 802.11a utilizes 48
sub-carries to transmit data. Given the same multipath distortion or interference as that of
single-carrier modulation, only a small portion of the sub-carriers in the OFDM system is
distorted, not the entire system. Therefore, the use of the multi-carrier OFDM can reduce

RF interference and multipath distortion.

2. FDM/OFDM

Multi-carrier transmission is nothing more than a parallel data system. For other
parallel data systems, such as frequency-division multiplexing (FDM) techniques, each
sub-carrier is modulated with spectrally separate symbols to avoid inter-carrier
interference (ICI), or cross-talk, from adjacent sub-carriers; however, this complete

separation in spectrum leads to waste of the available bandwidth.

Unlike FDM, OFDM uses orthogonal overlapped sub-channels. The difference
between FDM and OFDM is illustrated in Figure 6. As shown in Figure 6, orthogonal
OFDM saves almost 50 percent of the available bandwidth compared to FDM.

Ch.

lalalalaYa)

p
Guard}g\ands ) > 4
Bandwidth
Ch. 1 Ch. 5
LYY L,
< > f

bandwidth savings

Figure 6.  Sub-channel overlapping technique for FDM and OFDM [From Ref. 4]
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3. Orthogonality

The reason that sub-channels can overlap with OFDM without causing ICI is that
the individual cub-carriers are orthogonal. In mathematics, two vectors perpendicular to
each other are orthogonal and their dot product is equal to zero. In communications,
orthogonality means two signals are uncorrelated, or independent, over one symbol
duration. In OFDM, orthogonality prevents the sub-channel demodulators from seeing
frequencies other than their own, which is achieved by precisely selecting the sub-carrier
spacing such that each sub-carrier is located on all the other sub-carriers’ spectra zero
crossing points. When sampling at the sub-carrier frequencies, the sub-carriers will not
interfere each other (as shown in Figure 7). Note that for better observation, the ortho-

gonal spectrum of an OFDM signal with four sub-carriers only is shown in Figure 7.

S(f)

Figure 7. OFDM orthogonal spectrum with 4 sub-carriers [From Ref. 11]

D. OFDM BASED 802.11a PARAMETERS
So far, we have explained why OFDM has the ability to combat multipath fading

while achieving high data rates. We have also discussed several important concepts that
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make OFDM robust in RF interference and maintain high spectral efficiency. In this
section, we investigate the details of the OFDM based /EEE 802.11a standard. The major
parameters of the OFDM PHY are listed in Table 2.

6,9, 12, 18, 24, 36, 48 and 54
- Mbit/s
Information data rate (6, 12 and 24 Mbit/s are
mandatory)
Modulation BPSK OFDM
QPSK OFDM
16-QAM OFDM
64-QAM OFDM
Error correcting code K = 7 (64 states) convolutional
code
Coding rate 1/2,2/3,3/4
Number of subcarriers 52
OFDM symbol duration 4.0 s
Guard interval 0.8 us? (Tgp
Occupied bandwidth 16.6 MHz

Table 2.  Major Parameters of the 802.1//a PHY [From Ref. 5]

1. Guard Interval

The most important parameter in 802.1/a PHY is the guard interval T, , because

it determines not only the choice of the other parameters, but also the effectiveness of

combating ISI. In order to eliminate ISI, the 7, should be much larger than the expected

multipath delay spread. From [9], the reported values of rms delay spread can be up to
200 ns for a large office building and up to 300 ns for various factory environments. As

we can see in Table 2, the guard interval T, for each OFDM symbol is 0.8 ps, which is

much greater than 300 ns.

2. OFDM Symbol Duration and Sub-Carrier Spacing

As mentioned above, the T, should be chosen much larger than the expected
multipath delay spread in order to combat ISI; however, the 7., cannot be chosen too

large, either. When T, increases, the OFDM effective symbol duration decreases and
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data rates drop. To limit the relative amount of power and time spent on the guard
interval, the total symbol duration chosen in 802.11a is 4 microseconds. This in turn
determines the sub-carrier spacing of 312.5 kHz, which is the inverse of the symbol

duration minus the guard time.

3. Number of Sub-Carriers

In addition to the 48 data sub-carriers, each OFDM symbol has an additional four
pilot sub-carriers, which provide a reference to minimize frequency and phase shifts of
the signal during transmission. Therefore, there are a total of 52 sub-carriers for each

OFDM symbol.

4. Error Correcting Code and Coding Rate

To correct for sub-carriers in deep fades, 802.11a applies FEC coding across the
sub-carriers with variable code rates. Convolutional coding is used with industry standard
rate 1/2, constraint length 7 encoded with generator polynomials (133, 171). The
convolutional encoder is shown in Figure 8. Higher coding rates of 2/3 and 3/4 are
obtained by puncturing the rate 1/2 code. The rate 1/2 code is used with BPSK, QPSK,
and 16-QAM to give rates of 6, 12, and 24 Mbps, respectively. The rate 2/3 code is used
with 64-QAM only to obtain a data rate of 48 Mbps. The rate 3/4 code is used with
BPSK, QPSK, 16-QAM, and 64-QAM to give rates of 9, 18, 36, and 54 Mbps,

respectively.

Input

Figure 8.  Convolutional Encoder with constraint length v =7 [From Ref. 5]
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E. OFDM SIGNAL PROCESSING
This section gives a general description of how the IEEE 802.11a PHY is

implemented. The /EEE 802.11a PHY transmitter and receiver block diagram is shown in
Figure 9 [5].

FEC Interleaving+\{ |r T Pl a1 P Symbdl = I
|Coder [P Mamena | ] \p{Addition \p{ Shaging || Mod.

é HPA

Ia H———>Remove F\p \>{Demapping+ FEC

FFT

Det. 1-\-; Gl _3,? \piDeinterieaving Decoder

Rx Lev. Det. AFC
Clock Recovery|

Figure 9. OFDM PHY transceiver block diagram [From Ref. 5]

In the transmitter, the serial binary input data are encoded by a rate 1/2 constraint
length 7, convolutional encoder. The code rate can be increased to 2/3 or 3/4 by
puncturing the coded output bits. The coded output bits are next interleaved and mapped.
Interleaving is a technique for handling burst errors. The interleaver randomizes burst
errors and the convolutional decoder can easily correct random errors. After interleaving,
the coded binary data are converted into PSK or QAM symbols by mapping onto
respective constellation points. The constellations for BPSK, QPSK, 16QAM, and
64QAM are all shown in Figure 10.
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Figure 10. Constellation for BPSK, QPSK, 16QAM, and 64QAM [From Ref. 5]

In order to facilitate coherent reception, 4 pilot tones are added to each 48 data

symbols to make one OFDM symbol. Each OFDM symbol is, after serial-to-parallel

conversion, modulated onto 52 sub-carriers by applying an inverse fast Fourier transform

(IFFT). To make the system immune to multipath fading, a cyclic extension is added to
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the guard interval. As discussed earlier, a key parameter in the OFDM system is the 800

ns guard time, which is much longer than the maximum reported rms delay spread, 300

ns, in [9]. Since the guard interval is longer than the delay spread, ISI is eliminated;

however, it is shown in [12] that this guard interval has to be a cyclic extension of the

OFDM symbol in order to maintain orthogoanlity. Three sub-carriers in one OFDM

symbol duration with no cyclic extension added in the guard time was illustrated in

Figure 11. As we can see, there is not an integer number of cycles for each sub-carrier

over the OFDM symbol duration, thus there will be cross-talk, or ICI, among sub-carriers

in the frequency domain.

- OFDM Symbol Duration——

4 Guard Time—m| #———————FFT Interval ———»

Sub-Carrier A (first arriving

Sub-Carrier B (delayed

Sub-Garrier Cidelayed

-Carrier)

Figure 11.  Effect of no cyclic extension in the guard interval [From Ref.4]

On the contrary, by adding the cyclic extension in the guard time, each sub-carrier

will have an integer number of cycles over the OFDM symbol duration, and there will be

no cross-talk among sub-carriers. This is shown in Figure 12.
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Figure 12.  Effect of adding cyclic extension in the guard interval [From Ref. 4]

After adding the cyclic extension, windowing is applied to smooth the transition
region between symbols and to narrow the output spectrum. Further, the symbols are

modulated onto sine and cosine carriers and are up-converted to the 5-GHz band, then

amplified and transmitted through the antenna.

Most of the processes done in the transmitter are reversed in the receiver, except
for adding a low noise amplifier (LNA) and automatic gain control (AGC). The LNA
minimizes the effective system noise temperature of the receiver. The AGC estimates the

power of the received pilot tone, and controls the power of the received signal.

Now that we have examined multipath fading, the /EEE 802.11a standard, and
OFDM, we are ready to investigate the performance of the IEEE 802.11a WLAN

standard over frequency-selective, slow, Ricean fading channels in the following

chapters.
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IV.  PERFORMANCE WITHOUT FEC CODING

This chapter examines the performance of uncoded OFDM transmitted over
Ricean fading channels. The analysis begins with the sub-carrier modulation schemes
utilized in the JEEE 802.11a standard: BPSK, QPSK, 16QAM, and 64QAM. The overall
OFDM modulation scheme is then analyzed. In this chapter, analytic expressions for the
performance of all sub-carrier modulation schemes used in the /EEE 802.11a standard

are derived.

A. PERFORMANCE IN AWGN

1. BPSK/QPSK Modulation

As mentioned above, the performances of all four sub-carrier modulation schemes
used in the /EEE 802.11a standard are derived in this chapter. Actually, only two
expressions are required, one for BPSK and one for square QAM, since QPSK and BPSK
have the same probability of bit error [7]

Pb=Q( 2]5] @.1)

where E, /N, is the ratio of average energy per bit-to-noise power spectral density. Note
that £, = 4°-T,, where A’ is the received signal power and 7, is the bit duration. The

symbol Q() is the Q-function, defined as

Q(z)zﬁ | exp{%j dx 4.2)

which can be approximated as

1 -z
Q(z)—v\/ﬂ.zexp[?j for z>2. (4.3)
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2. QAM Modulation with a Square Constellation

In terms of a set signal constellations as shown in Figure 13, MQAM can be
categorized as either rectangular QAM or square QAM. For example, in Figure 13 M=8
(blue line) is rectangular QAM and M=16 (red line) is square QAM. Of course, the

square QAM can be considered a special case of rectangular QAM.
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Figure 13. MOQAM signal constellation [After Ref. 13]

Rectangular QAM can be thought of as a M, - PAM signal on the in-phase (/)
signal component and a M, - PAM signal on the quadrature (Q) signal component
where M =M, xM ; therefore, the probability of symbol error for rectangular QAM can

be expressed as

P. =P (error on I U error on Q)
:PSiUPS( (4.4)
=P +F -FNF .

Since the / and Q components can be modeled as independent random processes,

Equation (4.4) can be rewritten as

26



P=P +P -PP (4.5)

N

where P, and Pq are the probability of symbol error for M, - PAM and M - PAM ,
respectively.

For a square QAM, M, =M , Ps, = Psq ,and M = Ml.z, thus Equation (4.5) can be
rewritten as

P =2P -P°. (4.6)

The probability of symbol error for M, - PAM is given by [13]

p _2(M,;-1) (6log, M,)E,

- e

j(m—l)Q( 3, ]
‘/M (M_I)No

(4.7)

where g =log, (M ) is the number of bits per symbol. For example, ¢ =4 implies
16QAM, and g =6 implies 64QAM. Substituting Equation (4.7) into Equation (4.6), we

obtain the probability of symbol error for square QAM as

(i ol o (el ) e

The probability of bit error F, is now obtained by dividing Equation (4.8) by ¢ to obtain

A ]

q M -1)N, VM M-1)N,

since P, and P, are related as P, = P, /q . Note that for square QAM, ¢ > 4. With

Equation (4.1) and (4.9), we plot performance of BPSK/QPSK, 16QAM and 64QAM in
AWGN versus E, /N, as shown in Figure 14. As expected, the performance of BPSK/-
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QPSK is superior to the performance of 16QAM, and the performance of 16QAM is
superior to that of 64QAM.

—— BPSK/QPSK |
—— 16QAM 1
—— 64QAM

BER

20 25

Eb/No [dB]

Figure 14. Performance of BPSK/QPSK, 16QAM and 64QAM in AWGN

B. PERFORMANCE IN RICEAN FADING CHANNELS

The probability of bit error of all sub-carrier modulation formats we have

considered are functions of E, = A’ -T, , where A is simply modeled as a constant

parameter. In fading channels, the received signal amplitude fluctuates and can no longer

be modeled as a parameter but must be modeled as a random variable a_ . Consequently,
E, =a-T, is also a random variable; therefore, Equation (4.1) and Equation (4.9) are
now conditional probabilities £, (a, ). In this case, we need to obtain the average

probability of bit error for all sub-carrier modulations.
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1. BPSK/QPSK Modulation
The probability of bit error for BPSK/QPSK in AWGN is given by Equation
(4.1). However in Ricean fading channels, Equation (4.1) is a conditional probability,

which can be expressed as

2a°T,
P (a, )= . 4.10
b ( c ) Q( NO ] ( )
In order to obtain the average probability of bit error, we need to find the expected value
of B,(a,); thatis,

=

[B(a,) 1, (a,)da, (4.11)

0

5,

where f, (ac) is the Ricean pdf given by Equation (2.7), rewritten here as

2 2
ac _(ac +a ) (X'ac
S (a,)= = exp[ Py JIO( = j, a,20. (4.12)
If we define
_E _a (4.13)
Yb NO NO ’ .

then

N
a = 10— fyo,) (4.14)

where 6, = N, /T, is the AWGN noise power and N, is the noise power spectral density

(PSD). Using Equation (4.13) in Equation (4.10) and applying Equation (4.3), we get
Pb(yb)z—l -exp(—yb) (4.15)
2ne

where c¢ is empirically obtained to give the best results for a Ricean fading channel.

Given the pdf for a_, we find the pdf for y, from [14]
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5 ()=l fx (%) (4.16)

dx
dy
Substituting Equation (4.12) into Equation (4.16), we get
da,
be(Yb): ‘ fAC (ac :\lybcoz)
dy,
_ +(X,2 o 2
_ 1 exp[ (Vb /o4 )]IO(((X/GO)\/E} v, 20.

(20*/5,) 26° /6, c’/o,

4.17)

For BPSK/QPSK with diversity over Ricean fading channels, the optimum performance
is obtained by using a maximal ratio combiner (MRC) receiver. In this case, Equation

(4.13) becomes

d
2
2.4,
— k=1
= —.

Oy

Y, (4.18)

It can be shown that [15]

frb (Yb) _ Yb(d-])/z _(Yb+(da2/(502 )) I, (M], Y, =0

@y CXp 72
(daz/coz) (2(52/(502 ) 20 /GO
(4.19)
where d is the diversity order. Note that when d =1, which is equivalent to no diversity,
Equation (4.19) reduces to (4.17). Now using Equation (4.15) and (4.19), we find the
average probability of bit error for BPSK/QPSK with diversity in Ricean fading as

oo

F, ZJ‘Pb(Yb)'frb (Yb)dyb

(o -(Yb+(da2/csoz)) Id.l((a/%)mjdyb

eXp 02/002

ot e_Yb
= .(.; 2% (daz/coz )(dfl)/Z (262/602) 202/002
o I e—[uzcz}%z]% 1 (((x/ Go)m deb

= d-1)/2 Yb
(d-1)/ 02/002

ZH(daz/coz) (2(‘52/602) 0
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where {=a’ / 26° is the ratio of direct-to-diffuse signal power. Note that { =0
corresponds to Rayleigh fading, and { — oo corresponds to no fading. To evaluate

Equation (4.20), we use [16]

[x"5 e, (2p ) = 2 ) PP

m+n+1
0 v

where A, () is the Laguerre polynomial and is defined as

SLEDT sl OF
Note that
Aj()=1
and that

1,(2)=(=i)" 7, (jz)
where j = J-1. Comparing the integral in Equation (4.20) to the left hand side of
Equation (4.21) and using the Equation (4.23) and (4.24), we obtain

m=0 = Aj(e)=1

n=d-1

v=lb——r—s
202/002

_j(a/co)\/g 2 —d-o’
b= 2(52/(502 =P _4(52(62/602).

4.21)

(4.22)

(4.23)

(4.24)

(4.25)

(4.26)

(4.27)

(4.28)

Substituting Equation (4.25) through (4.28) into the right hand side of Equation (4.21),

we can evaluate the integral in Equation (4.20) to obtain
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P = (4.29)

If we define

T 2, 2
o=t ol _a (4.30)
Ny N, Oy

and substitute Equation (2.17) into Equation (4.30), then

— o’ 420’
Yb = 2
Oy

(4.31)

where E is the ratio of the average energy per bit-to-noise power spectral density. Since

{=0’/26", we can rewrite Equation (4.31) as

— 20
Y, =—5(C+1) (4.32)
G
which yields
, _
2"2 =T (4.33)
o,,  (C+1)

Finally, substituting Equation (4.33) into Equation (4.29), we find the analytic expression
for the performance of BPSK/QPSK with diversity in Ricean fading channels in terms of

K , C, and diversity d as

P~ 1 (_C+1 ]eXPL_—d.C.ij' (4.34)
2 m-c; \ v, +C+1 v, +C+1

Note that when d =1, c is replaced by ¢,, where ¢, =1.2+0.1C is empirically obtained

to make Equation (4.34) an accurate approximation of the exact performance of

BPSK/QPSK in Ricean fading channels with no diversity, which is given by
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ot L
B=[o(am ) ———— 0| 21\ |, (4.35)

where & =26° / 6, = E / (C+1). Results obtained with Equation (4.34) and Equation

(4.35) with {=0 and { =10 are compared in Figure 15. Note that {=0 corresponds to

Rayleigh fading. From Figure 15, we can see that the approximate expression is virtually
perfect for Rayleigh fading. For Ricean fading, the approximate expression is a tight

upper bound for 2dB < E, /N, <20dB , which corresponds to the signal-to-noise ratios

that are typically of the most interest.
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Figure 15. BPSK/QPSK performance in Ricean fading channels

In order to double check the accuracy of Equation (4.34), we set {=0 and d =1,

and compare the results obtained with the exact result for BPSK/QPSK in Rayleigh
fading channels, given by [13]
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_1 / To
g_2(1 1+ﬁ} (4.36)

Figure 16 is a plot of Equations (4.34), (4.35) and (4.36). As we can see, the
approximate analytic expression given by Equation (4.34) is very accurate for Rayleigh

fading channels.
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Figure 16. BPSK/QPSK performance in Rayleigh fading channels

As previously discussed, { =0 corresponds to Rayleigh fading. For { >0, the
channel exhibits Ricean fading. When { — oo, there is no fading. The performance of
BPSK/QPSK over Ricean fading channels with { as a parameter in the range of
0<{<10 is plotted in Figure 17. As we can see, as ( increases, the performance

approaches that obtained with just AWGN and no fading.
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Figure 17. BPSK/QPSK performance in Ricean fading channels with 0<{ <10

2. Square QAM Modulation

The derivation of an analytic expression for the performance of QAM with a
square constellation in Ricean fading channels is similar to that of BPSK/QPSK, except
the conditional probability of bit error for QAM with a square constellation is obtained

from Equation (4.9):

B,(vb)f(l_fl‘?jQ( 3'q'be-[1—(1—LjQ[ 3”“}} (4.37)

M—1 M M-1

where M =24 (q =log, (M)) and ¢ is the number of bits per symbol. As a result, g =4

corresponds to 16 QAM, and ¢ =6 corresponds to 64QAM. Recall that O(e) can be

approximated by Equation (4.3); therefore, analogous to BPSK/QPSK
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3-9-7, 1 397,
Q =~ exp| ———= (4.38)
M-1 ) e ¥ 2(M -1)
where ¢ is empirically obtained. Substituting Equation (4.38) into Equation (4.37), we

obtain

I R I LR 1Y 3-q-y J

411 X —_ = . - Ry

B (1)~ ( x/Mj ) p(Z(M—l)J ~ 4(1 \/MJ eXp[ M—1 439)
» (Vo 7 Proc g . .

Now substituting Equation (4.39) and Equation (4.19) into

o

By :J.Pb(’Yb).fl"b (Yb)d'Yb

0

(4.40)

we find

4(1 _\/l_j et w  (d1) ,[37‘7+¥]vb (0./0 )\/d
Pb _ M y o\ 2(M-1) 2626 ]d-l ( 0 il ]d’Yb

e —_—
(d-1)/2 b 2 2
g / Oy

=) )

- = b € 22
daZ 202 0 (52/(502

2neq| — —

Oy Oy

In a manner similar to BPSK/QPSK, we evaluate Equation (4.41) by comparing the

Bt
4 1—-—— | %
( \/M] ‘ T (d;) _[(ﬂjilfz&}coz]% (¢/0,)/dy,

IY 1, dy, -

integrals in Equation (4.41) to the left hand side of Equation (4.21). Using Equation
(4.23) and (4.24), we obtain

m=0 = Al(e)=1, (4.42)

n=d-1, (4.43)

o [3g/2(M -1)](267 /0, ) +1
2(52/002

, (4.44)

36



= P __do (4.45)

46° (02/002) .

Now substituting Equations (4.42) through (4.45) into the right hand side of

_j(a/GO)\/E

p= 2(52/602

Equation (4.21), we can evaluate the two integrals in Equation (4.41). After some

simplification, we obtain

s s s
4(1—ljedCL‘m”(M‘l)(C“J 2(1—1 je“wa(M—l)(le

P~ M ] . (4.46)

s {sqm(M—l)(c“)T mq{%mM_l)(gﬂ)T
L 20-n ) AL e

For d =1, Equation (4.46) is an approximate analytic expression for the performance of

square QAM in Ricean fading. Note that ¢ is replaced by c,, where ¢, =2.6+0.1C 1is

empirically obtained to make Equation (4.46) an accurate approximation to the exact

performance of square QAM in Ricean fading channels given by

el ol - )

8 e

where & = 20" / o, = E / (C + 1) . Results obtained with Equations (4.46) and (4.47) for

(4.47)

16QAM performance in Ricean fading channels with {=0 and { =10 are compared in

Figure 18. The approximate expression yields very accurate results for both Rayleigh and

Ricean fading. The performance of 16QAM in Ricean fading channels with { as a
parameter in the range of 0 < <10 is plotted in Figure 19. As expected, 16QAM
performance is poorer than that of BPSK/QPSK and, as { increases, the performance

approaches that obtained with no fading.
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Figure 18. 16QAM performance in Ricean fading channels
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Figure 19. 16QAM performance in Ricean fading channels with 0 <{ <10
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The performance obtained with Equations (4.46) and (4.47) for 64 QAM

performances in Ricean fading channels with {=0 and { =10 is compared in Figure 20.
As we can see, the approximate expression is still very accurate for ¢ =6 for both

Rayleigh and Ricean fading channels.
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Figure 20. 64QAM performance in Ricean fading channels

The performance of 64QAM over Ricean fading channels with { as a parameter
in the range of 0 < <10 is plotted in Figure 21. As expected, 64QAM has the poorest
performance compared to BPSK/QPSK and 16QAM.
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Figure 21. 64QAM performance in Ricean fading channels with 0 <{ <10

C. UNCODED OFDM SYSTEM PERFORMANCE

After confirming the analytic expressions for BPSK/QPSK, 16QAM, and 64QAM
performance in Rayleigh and Ricean fading channels, we are ready to analyze OFDM
system performance without FEC coding for the /EEE 802.11a standard. However, there
are several issues needed to be discussed first.

First, with the /IEEE 802.11a standard, one OFDM symbol utilizes 48 sub-carriers
for data transmission, and each sub-carrier is separated by 0.3125 MHz. Ideally, if the
channel coherence bandwidth is less than or equal to the sub-carrier spacing Af, , then
each sub-carrier will encounter independent fading. In this case, it is reasonable to
assume that each OFDM symbol has 48 independent sub-carriers; however, this condition

may not be true for all applications. Referring to Equation (2.4), if B, is defined as the

bandwidth over which the frequency correlation function is greater than 0.9, then

B, =1/50c,, where o is the rms delay spread. According to [9], the reported values of

o, range from 30 to 120 ns for small to large office buildings. Using this range of ¢_ in
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Equation (2.4), we obtain a range of values for coherence bandwidth as

0.667 = B, 20.167 MHz. Note that the lower range of B, is less than Af, , while the
upper range of B, is approximately equivalent to 2-Af, ; that is, we can assume 48
independent sub-carriers for large office buildings where Af, = B_, and 24 independent
sub-carriers for small office buildings where Af, < B, <2Af, . In this thesis, both cases
will be considered.

Second, we must consider that the /JEEE 802.11a is standardized for 5-GHz band
wireless LAN indoor transmission. Therefore, we model the environment as an office
building, where a limited number of end-users link to LAN through the access point from
different corners in the office (that is, some users may have LOS transmission, while
others do not). Hence, we assume that { can be modeled as a uniformly distributed

random variable. Moreover, the range for { must be carefully considered. In this thesis,

we assume the reasonable range of { is 0<{<10. As discussed earlier, { = o’ / 26 is
the ratio of direct-to-diffuse signal power, where { =0 is Rayleigh fading, and { — oo is
no fading. Thus, we should not choose { too large. Note that { =10 implies that the LOS

path has 10 dB more signal power than the non-LOS paths. Therefore, the assumption for

0 < <10 seems reasonable for any regular office building, which in general will have a

combination of LOS and non-LOS paths.

Lastly, this thesis uses the following approach to analyze OFDM performance: we
first evaluate each sub-carrier’s performance using Equation (4.34) or Equation (4.46), 48
times for the 48 independent sub-carrier case and 24 times for the 24 independent sub-

carrier case. Since { is assumed to be uniformly distributed, its value will generally be

different each time. We then average each independent sub-carrier’s performance to
obtain the overall OFDM system performance.

We now investigate the performance of the /EEE 802.11a standard without FEC
coding according to the preceding assumptions. Note that the preceding assumptions will
also be applied in next chapter, where the performance of the /EEE 802.11a standard
with FEC coding is investigated.
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1. BPSK/QPSK Modulated OFDM

As discussed above, to investigate BPSK/QPSK modulated OFDM performance
over composite Rayleigh/Ricean fading channels, we need to evaluate Equation (4.34)
either 48 or 24 times. We then average all sub-carrier’s performance results to obtain the
overall OFDM system performance. Note that for pure Rayleigh fading channels, there is

no difference in performance between 48 and 24 independent sub-carriers since { =0 is

constant for all sub-carriers. BPSK/QPSK modulated OFDM performance for both 48
and 24 independent sub-carriers cases over composite Rayleigh/Ricean fading channels

where { is assumed to be a uniform random variable over the range 0 <{ <10 is plotted

in Figure 22 for one trial.
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Figure 22. BPSK/QPSK modulated OFDM in composite Rayleigh/Ricean fading
channels

As we can see, there is a slight performance difference between 48 and 24
independent sub-carriers at B, =107 . Actually, this difference is randomly distributed

because ( is modeled as a random variable. Therefore, an average probability of bit error
is obtained by evaluating the BPSK/QPSK modulated OFDM performance for ten trials
for both 48 and 24 independent sub-carriers. The minimum, maximum, and mean values

42



for the y, required for P, =10~ obtained with ten trials for the BPSK/QPSK modulated
OFDM performance is shown in Table 3. As we can see, the difference in the mean value
of E between 48 and 24 independent sub-carrier’s performance is 1.8 dB. In other

words, BPSK/QPSK modulated OFDM with 24 sub-carriers has slightly better

performance given the assumptions that have been made.

Uncoded BPSK/QPSK | 48 sub-carriers [dB] | 24 sub-carriers [dB] Difference [dB]

Minimum 35.8 30 5.8
Maximum 38.8 37.2 1.6
Mean 37.5 35.7 1.8

Table 3.  Uncoded BPSK/QPSK modulated OFDM performance statistics for Z at
P, =107

2. 16QAM and 64QAM Modulated OFDM

To investigate 16QAM and 64QAM modulated OFDM performance, we basically
follow the same approach as for BPSK/QPSK. 16QAM and 64QAM modulated OFDM
performance over composite Rayleigh/Ricean fading channels modeled as in the previous
subsection are plotted in Figure 23 and 24, respectively. The curves are similar to those

obtained for BPSK/QPSK but, as expected, with poorer performance.
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Figure 23. 16QAM modulated OFDM in composite Rayleigh/Ricean fading channels
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Figure 24.  64QAM modulated OFDM in composite Rayleigh/Ricean fading channels

The minimum, maximum and mean value for the y, required for P, =10~
obtained with ten trials for 16QAM and 64QAM modulated OFDM are listed in Table 4
and 5, respectively. As we can see, the difference in the mean value of E between 48
and 24 independent sub-carrier’s performance is 1.7 dB for 16QAM, and 1.6 dB for 64
QAM, almost the same as for BPSK/QPSK. However, performance degrades from
BPSK/QPSK to 16QAM to 64QAM. Note that without FEC coding, performance is not

acceptable regardless of modulation or the number of independent sub-carriers. The

preceding results are summarized in Table 6.

Uncoded 16QAM 48 sub-carriers [dB] = 24 sub-carriers [dB] Difference [dB]

Minimum 38.1 32.4 57
Maximum 41 39.4 1.6
Mean 39.7 38 1.7

Table 4.  Uncoded 16QAM modulated OFDM performance statistics
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Uncoded 64QAM

48 sub-carriers [dB]

24 sub-carriers [dB]

Difference [dB]

Minimum 41.3 35.6 5.7

Maximum 44.2 43 1.2

Mean 42.9 41.3 1.6

Table 5.  Uncoded 64QAM modulated OFDM performance statistics

Uncoded OFDM BPSK/QPSK [dB] 16QAM [dB] 64QAM [dB]
System Performance | 4o p. | 24'Sube | 48 Subc | 24 Subc | 48 Subc | 24 Sube
Minimum 35.8 30.0 38.1 324 41.3 35.6
Maximum 38.8 37.2 41.0 394 44.2 43.0
Mean 37.5 35.7 39.7 38.0 42.9 41.3
Table 6.  Overall uncoded OFDM system performance statistics

D. SUMMARY OF UNCODED OFDM PERFORMANCE

In this chapter, we derived analytic expressions, which accurately evaluate

uncoded OFDM performance for either pure Rayleigh fading or for composite

Rayleigh/Ricean fading channels. We also examined the assumption that we have 48

independent sub-carriers for large office buildings when Af, = B, and 24 independent

sub-carriers for small office buildings when Af, < B <2Af, . Then we evaluated

uncoded OFDM performance for both pure Rayleigh fading and composite Rayleigh/-

Ricean fading channels. According to the results obtained, uncoded OFDM performance

of composite Rayleigh/Ricean fading channels is dominated by the smaller values of C,

which corresponds to more severe fading conditions. As expected, the performance of

uncoded BPSK/QPSK modulated OFDM is better than uncoded 16QAM and 64QAM;

however, even BPSK/QPSK does not yield performance acceptable for wireless

communications.
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V.  PERFORMANCE ANALYSIS WITH FEC CODING

As was shown in Table 6, the performance of OFDM without FEC coding over a
composite Rayleigh/Ricean fading channels is not acceptable for any sub-carrier modu-
lation specified in /EEE 802.11a PHY. In this chapter, we investigate the performance of
IEEE 802.11a with FEC coding both in a pure Rayleigh fading ({ =0) and in a com-

posite Rayleigh/Ricean fading (0 < { <10) channel. Before the analysis, we discuss the

concept of error control coding (especially FEC coding), the implementation of FEC
coding, and the definition of coding gain in Section A. We then analyze IEEE 802.11a
performance with FEC coding in Section B, where Viterbi hard decision decoding (HDD)
will be implemented with BPSK/QPSK, 16QAM, and 64QAM, respectively. In Section
C, we examine the performance of /EEE 802.11a with Viterbi soft decision decoding
(SDD), but only for BPSK/QPSK due to the difficulty of analyzing the probability of bit

error for SDD of a binary code transmitted with non-binary modulation.

A. ERROR CONTROL CODING

For any communication system, performance can be improved significantly by
implementing error control coding. Generally, there are two error control strategies,
automatic repeat request (ARQ) and forward error correcting (FEC) coding. In an ARQ
system, the receiver checks for errors but does not correct them; it simply requests that
the transmitter resend the data. Unlike an ARQ system, a FEC coding system does correct
the data errors at the receiver. In this thesis, we do not consider ARQ systems since /EEE

802.11a PHY utilizes FEC coding as shown in Figure 9.

1. Forward Error Correcting (FEC) Coding

The basic idea of FEC coding is the addition of redundancy. This involves adding
a certain number of redundant bits to the actual data bits in a particular pattern such that
recovery of the actual data bits is enhanced. There are two fundamental types of FEC

codes, block codes and convolutional codes. Block codes take a block of £ data bits and
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encode them into a codeword of length n, where n > k ; thus, there are n—k parity bits
in the codeword, which are used to check the codeword for errors upon decoding. If there
are errors, the decoder will detect and correct them. Unlike block codes, which operate in
relatively large data blocks, convolutional codes operate on serial data and are generated
by passing the information bit sequence through a linear finite-state shift register. There
are a variety of block codes and convolutional codes. In this thesis, we do not consider
block codes since /EEE 802.11a PHY employs convolutional codes and a convolutional
encoder as shown in Figure 8. Therefore, the terms FEC coding and convolutional coding
are used interchangeably in this chapter. Later, we will discuss the general concepts of
convolutional coding: convolutional encoding and Viterbi decoding, but not the Viterbi
algorithm. If readers are interested in the decoding algorithm, more information can be

found in [7, 13, 17, 18, and 19].

a. Convolutional Encoding

Convolutional encoding is a technique to add redundancy to the data
systematically. The information bits are input into shift registers and the output-encoded
bits are obtained by modulo-2 addition of the input information bits and the contents of
the shift registers. A general convolutional encoder can be implemented with s shift
registers and m modulo-2 adders. For example, as shown in Figure 8, the IEEE 802.11a
PHY convolutional encoder has six registers and two modulo-2 adders. The constraint
length is v = 7. Note that the definition of constraint length v is not standardized in the
literature. In [17] the constraint length v is defined as the length of the shift register,
while in [18] it is defined as the length of the shift register plus one. The latter is the
definition used here. Generally, a convolutional code is defined by two parameters, » and

v, where r=k/n is the code rate, k is the number of information bits and »n is the

number of output coded bits per clock cycle, and v is the constraint length. The typical

range of values for » and v are

(5.1)

N
IA
~
IA

0|

and



2<v<9. (5.2)

Note that when » decreases or v increases, the convolutional code achieves higher

coding gain.

b. Viterbi Decoding

In modern, digital communication systems, convolutional encoding and
Viterbi decoding have been the dominate FEC coding technique for years since Viterbi
decoding algorithm is a computationally efficient and easily realizable algorithm used for
the optimum decoding of convolutional codes. The Viterbi decoding algorithm utilizes
the code trellis to compute the path metrics. Each state (node) in the trellis diagram is
assigned a value and this value is determined from state S =0 attime =0 to a
particular state K at > 0. At each state, the best value is chosen from the paths
terminated at that state. The best value may be either the smallest or the largest,
depending on hard or soft decision decoding and the metric chosen. The selected metric
represents the survivor path and the remaining metrics represent the non-survivor paths.
The survivor paths are stored, while the non-survivor paths are discarded. The Viterbi
algorithm selects the single survivor path left at the end of the process as the maximum-
likelihood (ML) path. Track-back of the ML path on the trellis then provides the ML

decoded sequence.

As just mentioned, there are two possible ways in which to generate the
branch metric for a Viterbi decoder, hard decision and soft decision. For hard decision
decoding (HDD), the decoder receives a binary 0 or 1 from the demodulator output and
decodes convolutional codes by using the Hamming distance as the metric. Hamming
distance is obtained by choosing a path through the trellis diagram which yields a
codeword that differs from the received codeword in the fewest possible places. For soft
decision decoding (SDD), the decoder receives analogs outputs from the demodulator.
Furthermore, the Viterbi decoding can be separated as HDD or SDD by the levels of
quantization used on the received bits. A 2-level quantization corresponds to HDD, while
an infinite-level quantization corresponds to the true SDD. In practice, it has been found

that an 8-level quantization is almost as good as an infinite-level quantization.
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2. Implementation of FEC Coding

As discussed in the section on convolutional encoding, for every &k information
bits input to the encoder, there will be n output coded bits where n > k. However, since

the transmission time is the same whether coded or uncoded bits are transmitted,

kT, =nT,, (5.3)

where 7, is the actual data bit duration, 7, is the coded bit duration, and the coded bit

rateis R, = 1/ T, . Therefore, Equation (5.2) can be rewritten as

LY (5.4)
<k r

where 7 = k/n is the code rate, and » <1 since n > k. In other words, R, > R, , which is

equivalent to saying that the trade-off of using FEC coding is a sacrifice in bandwidth. In
addition to the transmission time, the average transmitted power is also the same whether

coded or uncoded bits are transmitted; that is,

P=ER =E, R, (5.5)

where E, is the average energy of actual data bit, and E, is the average energy of coded

data bit. Note that Equation (5.5) is derived from [7],

E, PT,
b _PL__P (5.6)
NO NO NORh
where P is the average signal power. Thus, Equation (5.5) can be rewritten as
E, =rE, (5.7)

C

since r = R, / R, , which is derived from Equation (5.4). Therefore, with Equations (5.3),

(5.4), and (5.7), we can obtain the relationship between the coded and uncoded system in

terms of 7,, R, , or E,.

50



3. Coding Gain
The coding gain is defined as [7]

0 0

Coding gain is a function of both the type of modulation and the type of FEC coding. In
other words, the value of G varies with different types of modulation and/or FEC
coding. For example, Figure 25 shows the coding gain of BPSK/QPSK with Viterbi HDD
ata code rate r =1/2 in AWGN. As we can see the coding gain is about 3 dB. Later, we
will show more examples of coding gain obtained when investigating different

combinations of modulation type and code rate specified in /EEE 802.11a PHY.

F uncoded i
-1 —— HDD (r=1/2) ]

BER

3dB,

10 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Eb/No [dB]

Figure 25. Coding gain of BPSK/QPSK in AWGN

B. HARD DECISION DECODING
As just discussed, for HDD the metrics in the Viterbi algorithm are the Hamming

distances between the received sequence and the surviving sequences at each node of the

51



trellis. In this subsection, we first discuss the analytical approach by investigating the
performance of BPSK/QPSK with HDD, and then examine the performance of the rest of
modulations utilized in the /EEE 802.11a standard with HDD over Ricean fading

channels.

1. BPSK/QPSK with HDD (6,9,12, and 18 Mbps)
In this section, we investigate the performance for BPSK/QPSK with HDD and a

code rate » =1/2 or r =3/4. From Table 2, with code rate » =1/2 , BPSK/QPSK can
support data rates of 6 and 12 Mbps, respectively. With code rate » =3/4, BPSK/QPSK

can support data rates of 9 and 18 Mbps, respectively.

When a rate » = k/n convolutional code is employed, the probability of bit error
is upper bound by [13]

R<y X BE (5.9)

d= d_/ree

where d,,, is the free distance of the convolutional code, B, is the total number of

information bit ones on all weight d paths, P, is the probability of selecting a weight d

output sequence as the transmitted code sequence, and & is the number of information

bits per clock cycle. The quantities B, and d ,,, are parameters of the convolutional code

free

and P, is determined by the type of modulation, the channel, and whether hard or soft

decision decoding is used.

For a given constraint length and code rate, the values of B, can be found in [17].

The values of B, for the constraint length v =7 and different code rate r specified in the

IEEE 802.11a PHY are listed in Table 7.
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Rate d ;e Bd/m, Bd},mu B, B, B, et
1/2 10 36 0 211 0 1404
2/3 6 1 81 402 1487 6793
3/4 5 21 252 1903 11995 72115

Table 7.  Weight Structure of the Convolutional Codes [After Ref. 17]

Note that in Table 7, the weight structures are only listed from B, toB, ..

dfree+4
because it is generally accepted that the first five terms in Equation (5.9) dominate;

therefore, Equation (5.9) can be rewritten as

d/ree+4
Pb<% Z B,P, . (5.10)

d=dﬁee

Also note that Equation (5.10) is valid for both HDD and SDD; however, P, is different

for HDD and SDD. For HDD, the algorithm uses Hamming distance as the metric.
Assume that the all-zero path is transmitted. When d is odd, the all-zero path will be

correctly selected if the number of errors in the received sequence is less than (d +1) / 2;

otherwise, the incorrect path will be selected. Consequently, the probability of selecting

the incorrect path when d is odd is [13]

P, = Z( jp - (5.11)

where p is the probability of channel bit error. When d is even, the incorrect path is
selected when the number of errors exceeds d/2 and, if the number of errors equals d/2,

there is a tie between the metrics in the two paths, which may be resolved by randomly
selecting one of the paths; thus, the incorrect path is chosen half the time. Consequently,

the probability of selecting the incorrect path when d is even is [13]

fas ;(Jp ) +_(cy] )" (5.12)
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Now with Equation (5.10) through (5.12) and Equation (5.7), we are ready to
investigate the performance of BPSK/QPSK with HDD over AWGN and Ricean fading
channels. Recall that the probability of bit error for uncoded BPSK/QPSK in AWGN is
given by Equation (4.1). From Equation (5.7), Equation (4.1) can be rewritten as

R =0(\2rv,) (5.13)

where y_b = Eb/ N, is the ratio of received average energy per bit-to-noise power spectral

density (which is the same as we defined in Chapter IV) and 7 is the code rate. Since the

IEEE 802.11a standard utilizes OFDM, Equation (5.13) is also the probability of channel
bit error for the i” sub-channel for BPSK/QPSK in AWGN, rewritten as

p=0(\2rv,) (5.14)

where E the ratio of received average energy per bit-to-noise power spectral density on

the i” sub-channel. Therefore, the overall p is the average of the probability of bit error
on each of the N OFDM sub-channels:
1 &

p =N;pi (5.15)
where N is assumed to be either 48 or 24 independent sub-carriers in this thesis. Note
that for no channel fading (i.e., E = ﬁ ), then p. = p. Now, using Equation (5.14) in
(5.11) or (5.12) and taking the result into Equation (5.10), we obtain the performance of
BPSK/QPSK in AWGN with HDD, which was already shown in Figure 25. Note that
comparing Equation (5.13) to Equation (4.1), the coded and uncoded system can be

related as

Yy =T, (5.16)

where 1 is the code rate. Similarly, using Equation (5.16) and Equation (4.34), we obtain

the probability of channel bit error for the i” sub-channel for BPSK/QPSK over Ricean

fading channels as

54



¢ +1

d
p; = 1 CXp
) moc | 7y, T6 1

where ¢, =1.2+0.1C is empirically obtained and d =1 for HDD. Note that for either no
channel fading or for all sub-channels experiencing the same fading (that is, {, = and
Y_b,. = E for all i), then p, = p. Now, using Equation (5.17) in Equation (5.11) or (5.12)

and taking the result into Equation (5.10), we obtain the performance of BPSK/QPSK
with HDD over Ricean fading channels. In Figure 26, the performance of BPSK/QPSK

with HDD (r =1/2) over Ricean fading channels with { as a parameter in the range of

0<{<10 is plotted.

~d¢ 1y, J

Y, G+

10 3 T T T T 3
i —— (= O coded |
107"} (= 2 coded ||
i —— {= 4 coded |]
1 0_2; {= 6 coded ||
—— {= 8coded |
_af — (=10 coded |
107 : 4
107
o i
L i
107
10}
10_7;* 3
107}
10_9 I 1 1 1 1
0 5 10 15 20
Eb/No [dB]
Figure 26.  Performance of BPSK/QPSK with HDD (r =1/2) over Ricean Fading
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In order to gain some perspective on the performance improvement, in Figure 27
we compared Figure 26 with Figure 17, which is the performance of BPSK/QPSK
without FEC coding. As we can see, the FEC coding provides remarkable performance

improvement for Ricean fading channels.

T

- - {= 0 uncoded ]
{= 2 uncoded |]

- - {= 4 uncoded |
—- (= 6 uncoded ]
- - =10 uncoded |}
—— {= Ocoded |
RN {= 2 coded
RN —— {= 4 coded

~ | — (= 6 coded
T —— (=10 coded

25 30 35 40 45 50
Eb/No [dB]

Figure 27. HDD (r =1/2) versus uncoded BPSK/QPSK Performance over Ricean
Fading

So far, we have only investigated the sub-carrier performance of BPSK/QPSK
with HDD over Ricean fading channels. In order to examine the performance of
BPSK/QPSK modulated OFDM with data rates at 6 and 12 Mbps over Ricean fading
channels, we need to use Equation (5.15) with Equations (5.17), (5.11), (5.12), and (5.10)
at code rate r =1/2 and its corresponding weight structure shown in Table 7. Further,
recall that in Chapter IV, we have shown Equation (4.34) is also valid for examining the
performance of uncoded BPSK/QPSK over Rayleigh fading channels; hence, we can use

Equation (5.17) to analyze the performance of BPSK/QPSK modulated OFDM over
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Rayleigh fading channels. In this section we investigate the performance of BPSK/QPSK
modulated OFDM both over a pure Rayleigh fading ({ = 0) channel and over a

composite Rayleigh/Ricean fading (0 <{<10) channel.

As discussed in Chapter IV, for a pure Rayleigh fading channel, there is no

difference in performance between 48 and 24 independent sub-carriers since { =0 is

constant for all sub-carriers. Therefore, we do not compare the difference between 48 and
24 independent sub-carriers performances over a pure Rayleigh fading channel. In Figure

28, we compare HDD (r =1/2) and uncoded BPSK/QPSK modulated OFDM
performance over a pure Rayleigh fading channel. As we can see the coding gain is 30

dBand y, = 14.5 dB with HDD (r =1/2 ) and BPSK/QPSK modulation at P, =107 .

g —— uncoded ]
-1 — HDD(r=1/2) ||

BER

of 30 dB

1 1 1 1 1 1 1 1

0 5 10 15 20 25 30 35 40 45 50
Eb/No [dB]

Figure 28. HDD (r=1/2) versus uncoded BPSK/QPSK modulated OFDM (6 and 12
Mbps) performance over a pure Rayleigh fading channel
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BPSK/QPSK modulated OFDM with HDD (r =1/2 ) performance for both 48 and

24 independent sub-carriers cases over a composite Rayleigh/Ricean fading channel,

where ( is assumed to be a uniform random variable over the range 0 <{ <10, is plotted

in Figure 29 for one trial.

10 E T T T T T T T T T

; uncoded, 48 Subc ]
_if —— HDD(r = 1/2), 48 Subc |]
HDD(r = 1/2), 24 Subc |}

BER
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10} \ 27dB
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1 O I L I L L L L L L
0 5 10 15 20 25 30 35 40 45 50

Eb/No [dB]

Figure 29. HDD (r =1/2) versus uncoded BPSK/QPSK modulated OFDM (6 and 12
Mbps) performance over a composite Rayleigh/Ricean fading channel

As we can see, the coding gain is still remarkable, and values of y_b are 9.9 and

9.3 dB for 48 and 24 independent sub-carriers at P, =107, respectively. Actually, this
difference is randomly distributed because ( is modeled as a random variable. Therefore,

as we did in Chapter IV, an average probability of bit error is obtained by evaluating the

BPSK/QPSK modulated OFDM performance with HDD (7 =1/2) for ten trials for both
48 and 24 independent sub-carriers. The minimum, maximum, and mean value for the E

required for P, =107 obtained with ten trials for BPSK/QPSK modulated OFDM with
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HDD (r =1/2) performance is shown in Table 8. As we can see, the difference in the
mean value of E, /N, between 48 and 24 independent sub-carrier’s performance is 0.13

dB, which is much smaller than that of uncoded BPSK/QPSK modulated OFDM, which
is 1.8 dB.

HDD (1/2) BPSK/QPSK| 48 sub-carriers [dB] | 24 sub-carriers [dB] Difference [dB]

Minimum 9.6 9.4 0.2
Maximum 10.6 10.2 0.4
Mean 9.96 9.83 0.13

Table 8.  HDD (r =1/2) BPSK/QPSK modulated OFDM (6 and 12 Mbps)

performance statistics for E at B,=10"

Now, we perform the same analysis for code rate 7 =3/4 to obtain the
performance for 9-Mbps BPSK and 18-Mbps QPSK as specified in /EEE 802.11a
WLAN standard. The results of this analysis for a single sub-carrier are given in Figure

30 for the usual range of C.
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Figure 30. Performance of BPSK/QPSK with HDD (r =3/4) over Ricean Fading
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Comparing Figure 30 with Figure 26, we notice that the curves are shifted to the

right even thought the modulation remains the same. This represents a slight degradation

in performance as » =1/2 is increased to » =3/4. This result is as expected since the

higher code rate corresponds to less redundancy added to the actual data bit stream. The

advantage is higher achievable data rates for the same bandwidth. In Figure 31, we

overlay the uncoded BPSK/QPSK performance onto those in Figure 30 to see the

performance improvement of BPSK/QPSK when applying HDD with code rate r =3/4

over Ricean fading channels.
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Uncoded versus HDD (r = 3/4) BPSK/QPSK Performance over Ricean

As we did for r =1/2, the HDD (r =3/4) and uncoded BPSK/QPSK modulated

OFDM performance over a pure Rayleigh Fading channel are plotted in Figure 32. As
expected, the HDD (r = 3/4 ) BPSK/QPSK modulated OFDM performance curves are
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shifted to the right if comparing with Figure 28. As we can see, coding gain is down to

about 22 dB and y_b is degrading to 22.3 dB at P, =10"".

10 E T T T T T T T T T
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Figure 32. HDD (r =3/4) versus uncoded BPSK/QPSK modulated OFDM (9 and 18
Mbps) performance over a pure Rayleigh fading channel

BPSK/QPSK modulated OFDM with HDD (r = 3/4) performance for both 48

and 24 independent sub-carriers cases over a composite Rayleigh/Ricean fading channel

where ( is assumed to be a uniform random variable over the range 0 <{ <10 is plotted
in Figure 33 for one trial. As we can see, the coding gain is still remarkable and the
values of E are 15.9 and 14.9 dB for 48 and 24 independent sub-carriers, respectively, at
P, =107 . Proceeding as before, we evaluate BPSK/QPSK modulated OFDM perform-

ance with HDD (r =3/4) for ten trials for both 48 and 24 independent sub-carriers to

obtain an average probability of bit error due to { is modeled as a random variable.

61



1 0 E T T T T T

F uncoded, 48 Subc 1
= —— HDD(r = 3/4), 48 Subc |]
; HDD(r = 3/4), 24 Subc |

BER

10°} 21dB

A
\4

0 5 10 15 20 25 30 35 40 45 50
Eb/No [dB]

Figure 33. HDD (r =3/4) versus uncoded BPSK/QPSK modulated OFDM (9 and 18
Mbps) performance over a composite Rayleigh/Ricean fading channel

The minimum, maximum, and mean value for E required for P, =107 obtained
with ten trials for BPSK/QPSK modulated OFDM with HDD (r = 3/4) performance is

shown in Table 9. As we can see, the difference in the mean value of y_b between 48 and

24 independent sub-carriers is 0.24 dB. Here, again we see the overall performance of

r =3/4 code is poorer than that of » =1/2 code.

HDD (3/4) BPSK/QPSK| 48 sub-carriers [dB] = 24 sub-carriers [dB] Difference [dB]

Minimum 14 14.4 0.4
Maximum 16.6 17.5 0.9
Mean 15.57 15.81 0.24

Table 9.  HDD (r =3/4) BPSK/QPSK modulated OFDM (9 and 18 Mbps)

performance statistics for E at P,=10"
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2. 16QAM with HDD (24 and 36 Mbps)
To achieve data rates of 24 and 36 Mbps for WLAN, the /EEE 802.11a standard

utilizes 16QAM with convolutional coding at rates » =1/2 and r =3/4, respectively.

Proceeding as for BPSK/QPSK, we first investigate the I6QAM sub-carrier performance,
and then perform the analysis for 16QAM modulated OFDM both in a pure Rayleigh
fading and a composite Rayleigh/Ricean fading channel. Recall from Chapter IV that
uncoded square MQAM performance is inferior to that of uncoded BPSK and QPSK;
therefore, we expect the performance of 16QAM with HDD will be poorer than that of
BPSK/QPSK with HDD.

As is shown in Chapter IV, the probability of bit error for MQAM with a square
constellation without FEC coding over Ricean fading channel is upper bounded by
Equation (4.46). Analogous to the approach taken with BPSK/QPSK, using Equation
(5.16) in Equation (4.46), we obtain the approximate channel bit error probability for the

i" sub-channel for MQAM with a square constellation as

3qryT’,

4(1 1 j . e_d-z;{Sqrym+2(M—1)(Ci+l)}

M

3gry, +2(M-1)(g+1) ]
q 27'Ecz|: d 2(M_1)(Ci+1) }

b=

(5.18)

3qrﬂ }

P N L. —
2(1—1 j -edgl{””bﬁ(Ml)(Ci“)

M

_nc |:3qrﬁ+(M—l)(§i+l)]d
’ (M -1)(C +1)

where ¢, =2.6+0.1C is empirically obtained, (, is the ratio of direct-to-diffuse signal

power on the i” sub-channel, and d =1 for HDD. Note that for either no channel fading
or for all sub-channels experiencing the same fading, then p, = p. Now, using Equation
(5.18) with g >4 in Equation (5.11) or (5.12) and taking the result into (5.10), we obtain

the performance of square MQAM with HDD over Ricean fading channels.
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In Figure 34, we plot the sub-channel performance of 16QAM (¢ =4) with HDD
(r =1/2) over Ricean fading channels with { as a parameter in the range of 0<{<10.

As expected, the performance of 16QAM is inferior to that of BPSK/QPSK as shown in

Figure 26 for with the same code rate r=1/2.
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Figure 34.  Performance of 16QAM with HDD (r =1/2) over Ricean Fading

In order to gain some perspective on the performance improvement, in Figure 35
we compare Figure 34 with Figure 19, which is the performance of uncoded 16QAM
over Ricean fading channels. As we can see, the FEC coding provides remarkable

improvement over the uncoded performance.
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Figure 35. HDD (r =1/2) versus uncoded 16QAM Performance over Ricean Fading

In order to examine the performance of 16QAM modulated OFDM with data rates
at 24 Mbps over Ricean fading channels, we need to use Equation (5.15) in addition to

Equations (5.18), (5.11), (5.12) in Equation (5.10) with code rate » =1/2 and its corre-

sponding weight structure shown in Table 7. Further, it is shown in Chapter IV that
Equation (4.46) is also valid for the performance of uncoded 16QAM over Rayleigh
fading channels. As a result, Equation (5.18) is also. In this section we investigate the

performance of 16QAM modulated OFDM both over a pure Rayleigh fading ({=0)

channel and over a composite Rayleigh/Ricean fading (0 <{ <10) channel.

In Figure 36, we compare uncoded and HDD (r =1/2) 16QAM modulated
OFDM performance over a pure Rayleigh fading channel. As we can see, the coding gain

is 30 dB and E for HDD (r =1/2)) 16QAM modulated OFDM is 16.4 dB at P, =10
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Figure 36. HDD (r =1/2) versus uncoded 16QAM modulated OFDM (24 Mbps)
performance over a pure Rayleigh fading channel

Performance for 16QAM modulated OFDM with HDD (7 =1/2) for both 48 and
24 independent sub-carriers over a composite Rayleigh/Ricean fading channel where  is
assumed to be a uniform random variable over the range 0 <{ <10 is plotted in Figure 37
for one trial. As we can see, the coding gain is 27 dB, and y_b for 48 and 24 independent
sub-carriers at B, =10 is 12.7 and 12.8 dB, respectively. Actually, this difference is
randomly distributed because { is modeled as a random variable. Therefore, as we did
before, an average probability of bit error is obtained by evaluating the 16QAM
modulated OFDM performance with HDD (7 =1/2) for ten trials for both 48 and 24

independent sub-carriers.
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Figure 37. HDD (r =1/2) versus uncoded 16QAM modulated OFDM (24 Mbps)
performance over a composite Rayleigh/Ricean fading channel

The minimum, maximum, and mean value for the E required for P, =107
obtained with ten trials for the 16QAM modulated OFDM with HDD (r =1/2) is shown

in Table 10. As we can see, the mean value of y_b for 48 and 24 independent sub-carriers

is 12.68 and 12.91 dB, respectively. The difference is 0.23 dB, which is much smaller
than 1.7 dB for uncoded 16QAM modulated OFDM.

HDD (1/2) 16QAM 48 sub-carriers [dB] | 24 sub-carriers [dB] Difference [dB]

Minimum 12.5 12.3 0.2
Maximum 13 13.5 0.5
Mean 12.68 12.91 0.23

Table 10. HDD (r =1/2) 16QAM modulated OFDM (24 Mbps) performance statistics
for y_b at B,=107
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Likewise, the same analysis is performed for the 36 Mbps data rate with code rate

r =3/4. Note that the coefficients of B, are different from those of » =1/2 as shown in
Table 7. The sub-channel performance of 16QAM at 36Mbps with { as a parameter in

the range of 0 <{ <10 over Ricean fading channels is plotted in Figure 38.
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Figure 38.  Performance of 16QAM with HDD (7 =3/4) over Ricean Fading

The performance for both uncoded and HDD (r =3/4) 16QAM over Ricean

fading channels is plotted in Figure 39. As before, the coding gain is remarkable and is

greater for smaller values of (.
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Figure 39. Uncoded versus HDD (7 =3/4) 16QAM Performance over Ricean Fading

In Figure 40, we plot the performance of 16QAM modulated OFDM with HDD

(r =3/4) over a pure Rayleigh fading channel. As we can see, the coding gain is 22 dB
and y_h is 24.5 dB at P, =107 . In Figure 41, we plot the performance of 16QAM

modulated OFDM with HDD (r = 3/4) for both 48 and 24 independent sub-carriers over
a composite Rayleigh/Ricean fading channel for one trial where  is assumed to be a

uniform random variable over the range 0 < <10. As we can see, the coding gain is 21

dB, and Z for 48 and 24 independent sub-carriers at P, =107 is 18.1 and 17.7 dB,

respectively.
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Figure 40. HDD (r =3/4) versus uncoded 16QAM modulated OFDM (36 Mbps)
performance over a pure Rayleigh fading channel
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Figure 41. HDD (r =3/4) versus uncoded 16QAM modulated OFDM (36 Mbps)
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As before, an average probability of bit error is obtained by evaluating the
16QAM modulated OFDM performance with HDD (r =3/4) for ten trials for both 48

and 24 independent sub-carriers since { is modeled as a random variable. The minimum,
maximum, and mean value for the E required for P, =107 obtained with ten trials for
the 16QAM modulated OFDM with HDD (r =3/4) is shown in Table 11. As we can see,
the mean value of y, for 48 and 24 independent sub-carriers is 18.52 and 17.67 dB,

respectively, and the difference is 0.85 dB.

HDD (3/4) 16QAM 48 sub-carriers [dB] = 24 sub-carriers [dB] Difference [dB]

Minimum 17.5 15.4 2.1
Maximum 19.3 19.1 0.2
Mean 18.52 17.67 0.85

Table 11.  HDD (r =3/4) 16QAM modulated OFDM (36 Mbps) performance statistics
for y_b at P,=10"

3. 64QAM with HDD (48 and 54 Mbps)

The analysis of 64QAM performance over Ricean fading channels proceeds in the

same manner as 16QAM, except for using g =6 vice ¢ =4 in Equation (5.18) and using
code rate r =2/3 vice r =1/2 for data rates at 48 Mbps. The sub-channel performance of
64QAM at 48 Mbps with { as a parameter in the range of 0 <{ <10 over Ricean fading

channels is plotted in Figure 42. As we can see, the performance curves are shifting to the
right as compared to the sub-channel performance for 16QAM at 24 Mbps shown in
Figure 34. In order to see the performance improvement, we overlay the uncoded and

HDD (r =2/3) 64QAM performance over Ricean fading channels in Figure 43. As

before, the coding gain is remarkable and is greater for smaller values of (.
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Figure 42.  Performance of 64QAM with HDD (r = 2/3) over Ricean Fading
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Figure 43.
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In Figure 44, we plot the performance of 64QAM modulated OFDM with HDD

(r =2/3) over a pure Rayleigh fading channel. As we can see, the coding gain is about

26 dBand y, is23.6dBat B, =107,
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Figure 44. HDD (r =2/3) versus uncoded 64QAM modulated OFDM (48 Mbps)
performance over a pure Rayleigh fading channel

In Figure 45, we plot the performance of 64QAM modulated OFDM with HDD
(r =2/3) for both 48 and 24 independent sub-carriers over a composite Rayleigh/Ricean

fading channel for one trial where { is assumed to be a uniform random variable over the
range 0 < <10. As we can see, the coding gain is 24 dB, and E for 48 and 24

independent sub-carriers at B, =10 is 18.8 and 19.1 dB, respectively.
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Figure 45. HDD (r =2/3) versus uncoded 64QAM modulated OFDM (48 Mbps)
performance over a composite Rayleigh/Ricean fading channel

As before, an average probability of bit error is obtained by evaluating the

64QAM modulated OFDM performance with HDD (7 = 2/3) for ten trials for both 48

and 24 independent sub-carriers since { is modeled as a random variable. The minimum,
maximum, and mean value for the y, required for B, =107 obtained with ten trials for
the 64QAM modulated OFDM with HDD (r = 2/3) performance is shown in Table 12.
As we can see, the mean value of Z for 48 and 24 independent sub-carriers is 18.83 and

19.02 dB, respectively, and the difference is 0.19 dB.

HDD (2/3) 64QAM 48 sub-carriers [dB] | 24 sub-carriers [dB] Difference [dB]

Minimum 18.4 18.4 0
Maximum 19.4 20.1 0.7
Mean 18.83 19.02 0.19

Table 12.  HDD (r =2/3) 64QAM modulated OFDM (48 Mbps) performance statistics
for y_b at B,=10"
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At this point, only the 54 Mbps data rates remains to be investigated. To achieve
this data rate, JEEE 802.11a uses 64QAM for sub-channel modulation with convolutional

coding at rate r =3/4. In Figure 46, we plot the sub-channel performance of 64QAM at
54 Mbps with { as a parameter in the range of 0 <{<10. As we can see, the

performance curves are shifted to the right as compared to the sub-channel performance

of 16QAM with data rates 36 Mbps shown in Figure 38.
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Figure 46.  Performance of 64QAM with HDD (r =3/4) over Ricean Fading

In order to see the performance improvement, we overlay the uncoded and HDD

(r =3/4) 64QAM performance curves over Ricean fading channels in Figure 47. As
before, the coding gain is remarkable and is greater for smaller values of (. In Figure 48,

we plot the performance of 64QAM modulated OFDM with HDD (r =3/4) over a pure
Rayleigh fading channel. As we can see, the coding gain is 22 dB and y_h is 27.8 dB at

P,=10".
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Figure 48. HDD (r =3/4) versus uncoded 64QAM modulated OFDM (54 Mbps)

performance over a pure Rayleigh fading channel
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In Figure 49, we plot the performance of 64QAM modulated OFDM with HDD
(r =3/4) for both 48 and 24 independent sub-carriers over a composite Rayleigh/Ricean

fading channel for one trial where { is assumed to be a uniform random variable over the
range 0 < <10. As we can see, the coding gain is about 21 dB, and Z for 48 and 24

independent sub-carriers at B, =10 is 21 and 21.7 dB, respectively.
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Figure 49. HDD (r =3/4) versus uncoded 64QAM modulated OFDM (54 Mbps)
performance over a composite Rayleigh/Ricean fading channel

As before, an average probability of bit error is obtained by evaluating the

64QAM modulated OFDM performance with HDD (7 = 3/4) for ten trials for both 48
and 24 independent sub-carriers. The minimum, maximum, and mean value for the Z

required for P, =10~ obtained with ten trials for the 64QAM modulated OFDM with
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HDD (r =3/4) performance is shown in Table 13. As we can see, the mean value of E

for 48 and 24 independent sub-carriers is 22.01 and 21.28 dB, respectively, and the
difference is 0.73 dB.

HDD (3/4) 64QAM 48 sub-carriers [dB] = 24 sub-carriers [dB] Difference [dB]

Minimum 211 19.4 1.7
Maximum 22.7 22.6 0.1
Mean 22.01 21.28 0.73

Table 13.  HDD (r =3/4) 64QAM modulated OFDM (54 Mbps) performance statistics
for vy, at B, =107

4. HDD Summary

In this section, we analyzed the IEEE 802.11a performance by assuming E = E

for all i and that either {, =0 for all i (Rayleigh fading) or 0 <, <10 where (, is

modeled as a uniform random variable (composite Rayleigh/Ricean fading). Furthermore,
we assume the channel coherence bandwidth is such that we have N =48 independent
sub-channels, although very similar results are obtained if we assume N =24 indepen-
dent sub-channels. For the combinations of modulation type and code rate utilized by the
IEEE 802.11a WLAN standard, the coding gain and signal-to-noise ratios required for

P, =107 in AWGN with frequency-selective, slow Rayleigh fading, and in AWGN with

frequency-selective, slow composite Rayleigh/Ricean fading, all with HDD, are shown in
Table 14, where the composite Rayleigh/Ricean fading results represent an average. The
variation about the average generally does not exceed +1 dB. As expected, the signal-to-

noise ratios required for a pure Rayleigh fading channel are more than for composite

Rayleigh/Ricean fading, in the range of four to seven dB for P, =107 . Also as expected,

for a specific modulation type, regardless of the channel conditions considered, as the
code rate increases, the signal-to-noise ratio required to achieve a fixed probability of bit

error increases. Moreover, the coding gains range from 21 to 30 dB.
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Contrary to expectations, however, the signal-to-noise ratio required to achieve a

specific P, does not monotonically decrease with decreasing bit rate. This phenomenon is

observed whether the channel is modeled as a pure Rayleigh fading channel or as a com-

posite Rayleigh/Ricean fading channel. For example, from Table 14 we see that a larger

signal-to-noise ratio is required for a bit rate of 18 Mbps than for 24 Mbps.

Data Rate | Modulation Code g, =0 0<¢, <10
(Mbps) Rate 17°G[dB] | 5 @B] | GIdB] | 3 [dB]

6 BPSK 1/2 30 14.5 27 9.96

9 BPSK 3/4 22 22.3 21 15.57

12 QPSK 1/2 30 14.5 27 9.96

18 QPSK 3/4 22 22.3 21 15.57

24 16QAM 1/2 30 16.4 27 12.68

36 16QAM 3/4 22 24.5 21 18.52

48 64QAM 2/3 26 23.8 24 18.83

54 64QAM 3/4 22 27.8 21 22.01
Table 14.  Received average energy per bit-to-noise power spectral density ratio y_,,

C. SOFT DECISION DECODING

required for £, =107 in AWGN with frequency-selective, slow Rayleigh

fading and composite Rayleigh/Ricean fading with HDD.

In the previous section, we showed that OFDM performance is improved

considerably by adding convolutional encoding and Viterbi hard decision decoding. In

addition to HDD, Viterbi soft decision decoding can further increase the coding gain by

about 2 to 3dB in AWGN. In this section, we investigate the performance of /EEE
802.11a standard with Viterbi soft decision decoding, but only BPSK and QPSK will be

examined due to the difficulty of analyzing the probability of bit error for SDD of a

binary code transmitted with non-binary modulation.
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1. BPSK/QPSK with SDD (6 and 12 Mbps)

As discussed earlier, Equation (5.10) is valid for both HDD and SDD, except the
probability of selecting a weight d output sequence as the transmitted coded sequence
P, in Equation (5.10) is determined by the type of modulation, the channel, and whether

HDD or SDD is used. In other words, we need to find P, to investigate the performance

of BPSK/QPSK with SDD over AWGN and Ricean fading channels. It was shown in
[19] that for BPSK in AWGN with SDD, if we assume the correct path is the all-zero

path, then a decoding error occurs when
d
Yy >0 (5.19)
I=1

where y, is the demodulator output, d is the number of bits that the y” path differs from
the correct path, and / is the index that runs over the set of d bits in which the correct
path and the y” path differ. If y, is modeled as a random variable, then P, is given by

the probability that the sum of d independent random variables is greater than zero,

written as

P :P{i v > 0] (5.20)

I=1

which is equivalent to the probability of bit error for a coherent binary signaling scheme
with d” order diversity [19]; thus, for BPSK in AWGN with SDD, P, can be expressed

as

Pd=Q[ szrE,,} (5.21)

where d is the diversity order and r is the code rate. Equation (5.21) can be rewritten as

P, :Q(\/Zdrﬁ) (5.22)

where y_,, = Fb/ N, is the ratio of received average energy per bit-to-noise power spectral

density. Substituting Equation (5.22) into Equation (5.10) with the same code rate and
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weight structure used in HDD, we obtain the performance of BPSK/QPSK with SDD
with AWGN. In Figure 50, we show the comparative performance of uncoded, HDD, and
SDD BPSK/QPSK with AWGN. As expected, SDD improves performance by about 2.5
dB over HDD in AWGN.
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Figure 50. Uncoded, HDD, and SDD BPSK/QPSK performances with AWGN

For BPSK/QPSK with SDD over Ricean fading channels, P, is conditioned on
received signal amplitude a_, thus we obtain the average P, from

o o

P, = _[I)d (ac)fAL, (ac)dac = .[Pd (Yb)fr,, (Yb)dYb (5.23)

0 0

We have already solved Equation (5.23) as in Equation (4.34), since we use Equation

(4.19) instead of (4.17) to solve Equation (4.20). Therefore, for BPSK/QPSK with SDD
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over Ricean fading channels, P, can be expressed as

d -
+1 -d i,

P = ! _C’ exp ¢ (5.24)
2ym-c, {( ry,, +6 +1 ry,, +G +1

where ¢, =1.2+0.1C is empirically obtained, C, is the ratio of direct-to-diffuse signal

power on the i” sub-channel, d is the number of bits which are different from the

correct path, » is the code rate, and E the ratio of received average energy per bit-to-

noise power spectral density on the i” sub-channel. Substituting Equation (5.24) into
Equation (5.10) with code rate » =1/2 and its corresponding weight structure shown in

Table 7, we obtain the performance of BPSK/QPSK with SDD at data rates 6 and 12

Mbps over Ricean fading channels. These results are plotted in Figure 51 with { asa

parameter in the range of 0<{<10.
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Figure 51.  Performance of BPSK/QPSK with SDD (r =1/2) over Ricean Fading
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In Figure 52, we overlay Figure 51 with Figure 26, which is the performance of

BPSK/QPSK with HDD (7 =1/2) over Ricean Fading. As we can see, the SDD improves
the sub-channel BPSK/QPSK performance by about 3 to 6 dB at B, =10 in the range of

0<{<10 over HDD in Ricean fading channels.
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Figure 52.  SDD versus HDD (7 =1/2 ) BPSK/QPSK Performance over Ricean Fading

As before, after examining sub-channel performance, we investigate the
performance of BPSK/QPSK modulated OFDM with SDD over Ricean fading channels.
In Figure 53, we overlay SDD and HDD performance, both with » =1/2 code, for

BPSK/QPSK modulated OFDM for both 48 and 24 independent sub-carriers over a

composite Rayleigh/Ricean fading channel for one trial, where { is assumed to be a

uniform random variable over the range 0 <{<10. As we can see, SDD improves
performance by about 3.3 dB over HDD, and E for 48 and 24 independent sub-carriers
at B, =107 is 6.8 and 6.6 dB, respectively.
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Figure 53.  SDD versus HDD (7 =1/2 ) BPSK/QPSK modulated OFDM (6 and 12
Mbps) performance over a composite Rayleigh/Ricean fading channel

As before, an average probability of bit error is obtained by evaluating

BPSK/QPSK modulated OFDM performance with SDD (r =1/2) for ten trials for both
48 and 24 independent sub-carriers. The minimum, maximum, and mean value for the E
required for P, =107 obtained with ten trials for BPSK/QPSK modulated OFDM with

SDD (r =1/2) performance is shown in Table 15. As we can see, the mean value of E

for 48 and 24 independent sub-carriers is 6.61 dB; that is, there is no difference in

performance whether we have 48 or 24 independent sub-carriers in this case.

SDD (1/2) BPSK/QPSK' 48 sub-carriers [dB] | 24 sub-carriers [dB] Difference [dB]

Minimum 6.4 6.2 0.2
Maximum 6.9 6.9 0
Mean 6.61 6.61 0

Table 15.  SDD (r =1/2) BPSK/QPSK modulated OFDM (6 and 12 Mbps)

performance statistics for E at B, =107
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By way of summarizing the results for BPSK/QPSK modulated OFDM at 6 and
12 Mbps data rates with convolutional code rate » =1/2, we overlay the performance
curves for SDD, HDD, and uncoded BPSK/QPSK modulated OFDM over a composite
Rayleigh/Ricean fading channel in Figure 54. As we can see, E for SDD, HDD, and
uncoded BPSK/QPSK modulated OFDM at P, =107 is 6.8, 9.9, and 37 dB, respectively.

The over all coding gain achieved by the use of SDD is about 30 dB.
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Figure 54. SDD, HDD, and uncoded BPSK/QPSK modulated OFDM performance over
a composite Rayleigh/Ricean fading channel

2. BPSK/QPSK with SDD (9 and 18 Mbps)

We now perform the same analysis for code rate r =3/4 to obtain the

performance curves for 9 Mbps BPSK modulated OFDM and 18 Mbps QPSK modulated
OFDM as specified in IEEE 802.11a WLAN standard. The results of this analysis for a

single sub-carrier are given in Figure 55 for the usual range of (. As expected, the
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performance curves are slightly poorer than those obtained in Figure 51 due to the higher

code rate used.
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Figure 55. Performance of BPSK/QPSK with SDD (7 =3/4) over Ricean Fading

In Figure 56, we overlay Figure 55 with Figure 30, which is the performance of
BPSK/QPSK with HDD (7 =3/4) over a Ricean fading channel. As we can see, SDD
improves the sub-channel BPSK/QPSK performance by about 3.5 to 12 dB over HDD in
Ricean fading channels. In Figure 57, we overlay SDD and HDD (r = 3/4) performance
of BPSK/QPSK modulated OFDM for both 48 and 24 independent sub-carriers over a

composite Rayleigh/Ricean fading channel for one trial where { is assumed to be a

uniform random variable over the range 0<{<10.
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Figure 56.  SDD versus HDD (7 =3/4) BPSK/QPSK Performance over Ricean Fading
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Figure 57.  SDD versus HDD (r =3/4) BPSK/QPSK modulated OFDM (9 and 18

Mbps) performance over a composite Rayleigh/Ricean fading channel
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As we can see, SDD improves performance by about 5 dB over HDD, and E for

48 and 24 independent sub-carriers at P, =107 is 10.2 and 9.8 dB, respectively. As
before, an average probability of bit error is obtained by evaluating BPSK/QPSK modu-
lated OFDM performance with SDD (7 = 3/4) for ten trials for both 48 and 24 indepen-
dent sub-carriers. The minimum, maximum, and mean value for the y_b required for

P, =107 obtained with ten trials for BPSK/QPSK modulated OFDM with SDD

(r =3/4) is shown in Table 16. As we can see, the mean value of E for 48 and 24

independent sub-carriers is 10.34 and 10.12 dB, respectively; that is, the difference is
0.22 dB, which is slightly greater than that of BPSK/QPSK modulated OFDM with SDD

at r=1/2.

SDD (3/4) BPSK/QPSK | 48 sub-carriers [dB] | 24 sub-carriers [dB] Difference [dB]
Minimum 9.8 9.5 0.3
Maximum 10.8 10.4 0.4

Mean 10.34 10.12 0.22

Table 16.  SDD (r =3/4) BPSK/QPSK modulated OFDM (9 and 18 Mbps)

performance statistics for Z at B,=10"

By way of summarizing the results for BPSK/QPSK modulated OFDM at 9 and
18 Mbps data rates with convolutional code rate r =3/4, we overlay the performance
curves for SDD, HDD, and uncoded BPSK/QPSK modulated OFDM over a composite
Rayleigh/Ricean fading channel in Figure 58. As we can see, Z for SDD, HDD, and
uncoded BPSK/QPSK modulated OFDM at B, = 107 is 10.5, 15.7, and 37 dB,

respectively. The overall coding gain achieved by the use of SDD is about 26.5 dB.
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Figure 58. SDD, HDD, and uncoded BPSK/QPSK modulated OFDM performance over
a composite Rayleigh/Ricean fading channel

3. SDD summary

As expected, Viterbi soft decision decoding further increases the coding gain. For
BPSK/QPSK with code rate » =1/2, SDD improves performance by about 2.5 dB over
HDD in AWGN, and by about 3.3 dB over a composite Rayleigh/Ricean fading channel.
For BPSK/QPSK with code rate » =3/4, SDD improves performance by about 5.5 dB

over HDD in a composite Rayleigh/Ricean fading channel.
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VI. CONCLUSION

A. FINDINGS
There are several findings that result from the analysis of the /EEE 802.11a

WLAN standard over frequency-selective, slow, Ricean fading channels.

First, for the performance without FEC coding, OFDM performance is dominated
by the smaller values of {, which corresponds to more severe fading conditions. As
expected, the performance of uncoded BPSK/QPSK modulated OFDM is better than
uncoded 16QAM and 64QAM; however, even BPSK/QPSK does not yield performance

acceptable for wireless communications.

Second, for the performance with convolutional coding and Viterbi HDD, the
signal-to-noise ratios required for a pure Rayleigh fading channel are larger than for
composite Rayleigh/Ricean fading. Also, as expected for a specific modulation type,
regardless of the channel conditions considered, as the code rate increases, the signal-to-
noise ratio required to achieve a fixed probability of bit error increases. Contrary to
expectations, however, the signal-to-noise ratio required to achieve a specific F, does not
monotonically decrease with decreasing bit rate. This phenomenon is observed whether
the channel is modeled as a pure Rayleigh fading channel or as a composite Rayleigh/-

Ricean fading channel. This phenomenon raises a question as to the utility of some of the

bit rate configurations adopted for /EEE 802.11a WLAN standard.

Third, for the performance with convolutional coding and Viterbi SDD, for
BPSK/QPSK with code rate » =1/2, SDD improves performance by about 2.5 dB over
HDD in AWGN, and by about 3.3 dB over a composite Rayleigh/Ricean fading channel.
For BPSK/QPSK with code rate » =3/4, SDD improves performance by about 5.5 dB

over HDD in a composite Rayleigh/Ricean fading channel.
Fourth, in this thesis we assume the channel coherence bandwidth is such that we

have either N =48 or N =24 independent sub-carriers. Without FEC coding, the

difference in the mean value of E, /N, between 48 and 24 independent sub-carrier for

P, =10 is around 1.7 dB, ranges from 0.13 through 0.85 dB for HDD, and ranges from
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0 to 0.22 dB for SDD; that is, the difference in performance between 48 and 24

independent sub-carriers decreases as more powerful coding technique are used.

B. RECOMMENDATIONS FOR FURTHER RESEARCH

There are two primary areas in which follow-on research is recommended. First,
in this thesis, we analyzed the performance of the /EEE 802.11a WLAN standard over a
frequency-selective, slow, Ricean fading channels using both Viterbi hard decision
decoding (HDD) and Viterbi soft decision decoding (SDD). Due to the difficulty of
analyzing the probability of bit error for SDD of a binary code transmitted with non-
binary modulation, we did not investigate the performance of 16 and 64QAM modulation
with SDD. An approximate approach, however, to analyze MQAM performance with
SDD [20] is a natural outgrowth of this thesis. Second, like other wireless
communications systems, WLANSs are vulnerable to either hostile jamming or
exploitation by unintended recipients; therefore, the performance of IEEE 802.11a
WLAN standard over fading channels with different types of jamming, for example,
barrage jamming, pulsed jamming, or tone jamming, is also an interesting topic for

further research.

C. CLOSING COMMENTS

As IEEE 802.11a products began shipping months ago, more and more
companies and schools have been taking advantage of [EEE 802.11a’s superior
performance; therefore, an analysis such as this thesis may prove beneficial to those

designing or employing the OFDM based /EEE 802.11a WLAN standard.

In addition to its well-known ability to combat ISI, OFDM is also becoming very
popular for high-speed transmission. In January 2002, the /EEE again adopted OFDM in
the newest 802.11 standard for WLANSs, /IEEE 802.11g, which extends 8§02.11b’s data
rates to 54 Mbps within the 2.4 GHz band. Clearly, OFDM will gain broad-based

acceptance as a signaling technique in the future.
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